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ABSTRACT

Hjeljord, L. G., Stensvand, A., and Tronsmo, A. 2001. Antagonism of
nutrient-activated conidia of Trichoderma harzianum (atroviride) P1
against Botrytis cinerea. Phytopathology 91:1172-1180.

The effect of preliminary nutrient activation on the ability of conidia
of the antagonist Trichoderma harzianum (atroviride) P1 to suppress
Botrytis cinerea was investigated in laboratory, greenhouse, and field
trials. Preliminary nutrient activation at 21°C accelerated subsequent
germination of the antagonist at temperatures from 9 to 21°C; at 218°C,
the germination time of preactivated T. harzZianum P1 conidia did not
differ significantly from that of B. cinerea. When coinoculated with B.
cinerea, concentrated inocula of preactivated but ungerminated T. har-
Zianum P1 conidia reduced in vitro germination of the pathogen by >87%
at 12 to 25°C; initially quiescent conidia achieved this level of suppres-

sion only at 25°C. Application of quiescent T. harzianum P1 conidia to
detached strawberry flowers in moist chambers reduced infection by B.
cinerea by >85% at 24°C, but only by 35% at 12°C. Preactivated conidia
reduced infection by 260% at 12°C. Both quiescent and preactivated
conidia significantly reduced latent infection in greenhouse-grown straw-
berries at a mean temperature of 19°C, whereas only preactivated conidia
were effective in the field at a mean temperature of 14°C on the day of
treatment application. An antagonistic mechanism based on initiation of
germination in sufficiently concentrated inocula suggests that at sub-
optimal temperatures the efficacy of Trichoderma antagonists might be
improved by conidia activation prior to application.

Additional keywords: fungal ecophysiology, microhabitat, pregermi-
nation, respiration, swollen conidia.

Gray mold, caused by Botrytis cinerea Pers:Fr., is one of the
most important diseases of strawberries (Fragaria x ananassa
Duchesne) on a worldwide basis, which is the primary reason this
crop is among those most likely to contain fungicide residues
(9,47,51). Public concern about such residues in edible products
and the environment, augmented by the practical problems arising
from fungicide resistance in B. cinerea, has accelerated the search
for alternative disease control strategies. One such strategy is bio-
logical control (8). Because gray mold of strawberry fruits often
originates from infection by B. cinerea during blossoming (4),
prevention of blossom infection is a goal of biological as well as
chemical disease control strategies (2,52,55,59).

The fungal antagonist Trichoderma harzianum Rifai, alone or in
combination with chemical fungicides, is capable of reducing di-
sease caused by B. cinerea and other phytopathogens in a number
of crops, including strawberries (21,39,43). Although information
on specific disease-reducing activities under field conditions is
scarce, several factors necessary for effective biological control by
Trichoderma antagonists have been empirically identified through
field trials. These include access to exogenous nutrients (40,43), a
highly concentrated inoculum (12,55), ambient temperatures of
2>20°C (17,42), and introduction in advance of the pathogen (24,
41,42,60).

The above observations are not unambiguously related to the
antagonistic mechanisms identified to date. That Trichoderma iso-
lates require exogenous nutrients to germinate is well established,
and under nutrient-poor conditions, germination percent and rate,
hyphal extension, and sporulation are all reduced (1,10,38,44,49).
Access to exogenous nutrients is thus assumed to enhance the
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ability of this fungus to exert competitive biological control. On
the other hand, Trichoderma isolates are known for their oligotro-
phic characteristics, and under laboratory conditions, these fungi
readily colonize even extremely nutrient-poor substrates (44,56).
The effect of nutrient availability on antagonistic mechanisms
such as antibiosis and mycoparasitism is unclear. Whereas high
C:N ratios enhance antibiotic production in many Trichoderma
spp- (25), the concentrations of simple sugars or favored sub-
strates necessary for rapid growth of T. harzianum inocula have
been reported to repress production of enzymes putatively involved
in mycoparasitism; nutrient stress may in fact be a prerequisite for
expression of some cell wall-degrading enzymes (32,34).

Another observation eluding simple explanation is that of the
time factor involved in interactions between T. harzianum and
rapidly germinating pathogens. Even under optimal temperature
and nutrient conditions, conidia of T. harzianum isolates require
14 to 18 h just to complete germination and initiate mycelial
extension, much less colonize a plant surface extensively enough
to effectively intercept more rapidly germinating pathogens (23,
31). Nonetheless, coinoculating conidia of T. harzianum and B.
cinerea, or inoculating T. harzianum only 8 h before B. cinerea,
has prevented infection of wounded tissue, even though conidia of
T. harzianum cannot germinate before those of the pathogen with-
in this time (26,42,60). The necessity of introducing many antago-
nist conidia relative to those of the pathogen is also difficult to
explain. Finally, although there are many reports of disease con-
trol following application of T. harzZianum conidia to plant
surfaces, there are notably few accounts confirming their actual
germination on and colonization of such substrates under field
conditions (15).

The experiments presented arose from a curiosity about these
observations and from the conviction that increased knowledge of
interactions between T. harzZianum and B. cinerea on plant
surfaces will ultimately lead to more consistent and effective



Trichoderma-based biocontrol programs. Preliminary experiments
showed that in moist chambers T. harzianum P1 conidia were able
to prevent infection of detached strawberry flowers by coinocu-
lated B. cinerea conidia at 21 to 24°C, but efficacy decreased at
lower temperatures. These findings were consistent with the in-
ability of several commercial T. harzianumisolates to reduce gray
mold in a greenhouse maintained at 12 to 18°C (23). However, ex-
periments indicated that even at temperatures at which it did
prevent infection, the antagonist was not capable of germinating
as quickly as the pathogen, suggesting the importance of preger-
mination interactions between the fungi. Further experiments were
therefore designed to test the hypothesis that preliminary nutrient-
induced initiation of germination would improve the capacity of T.
harzianum conidia to inhibit germination of B. cinerea conidia in
vitro. We tested the hypothesis that T. harzianum would show im-
proved inhibition of B. cinerea infection of strawberry flowers in
the field and greenhouse if the antagonist conidia were induced to
initiate germination before application.

MATERIALSAND METHODS

Fungal isolates. The Trichoderma antagonist used in this study,
strain P1 (ATCC 74058), was known as T. harzianum at the time
that this paper was accepted. Although it has now been demon-
strated that this strain likely belongs to the species T. atroviride
(30), the original nomenclature was retained in this paper for
consistency with our previous work as well as the literature cited.
Stock cultures of T. harzianum Rifai strain P1 (ATCC 74058) (54)
were stored at —20°C on silica gel (48). Current cultures were
grown at room temperature (RT) (18 to 24°C) on potato dextrose
agar (PDA) (Difco Laboratories, Detroit) for 2 weeks and stored
at 4°C. Conidia from these cultures were inoculated on PDA for
production of sporulating cultures for trials. B. cinerea El, origi-
nally isolated from gray mold on strawberries in Norway, was
maintained on PDA and stored at 4°C. Both fungi readily
produced conidia after 7 to 14 days on PDA at RT under regular
laboratory lighting. Conidia for laboratory and greenhouse trials
were obtained from 10- to 21-day-old colonies by flooding plates
with sterile water and rubbing gently with a glass rod; suspensions
of B. cinerea conidia were filtered through sterile cheesecloth
before use. Conidia concentrations were determined by hemacyto-
meter counts and diluted appropriately shortly before use.

Nutrient activation of T. harzianum P1 conidia. In this paper,
“activation” is used to indicate exposure of conidia to nutrients in
order to induce initiation of germination (13), although we are
aware that some authors do not consider nutrients to be germi-
nation activators in a strict sense (20,50). To test the effects of
nutrient activation, 1 x 107 T. harzianum P1 conidia per ml were
incubated in 2.4% (wt/vol) potato dextrose broth (PDB) (Difco
Laboratories) at 22 £ 1°C on a reciprocal shaker at 150 rpm for
approximately 6 h. For use in laboratory trials, the conidia were
pelleted and washed twice in sterile distilled water by centrifu-
gation for 5 min at 900 x g, resuspended in sterile distilled water
at a concentration of approximately 10° conidia per ml, and stored
at 4°C until use. For use in field trials, conidia were activated as
described and separated from the nutrient solution by filtration
over Whatman GF/C filters (Whatman International Ltd.,
Maidstone, England). Conidia were washed from the filters and
resuspended in water in the appropriate concentrations before
application. During activation, the diameter of >90% of the
conidia increased from 3 to 3.5 pm (quiescent conidia) to 6 to
7.5 pm (swollen conidia). No germ tubes were produced during
activation. Germinability of activated conidia was not impaired by
spray application at a pressure of 6 x 10° Pa (data not shown).

In vitro germination assays. Germination of T. harzianum and
B. cinerea isolates in vitro was investigated by incubating conidial
suspensions in 96-well, flat bottom microtiter plates under con-
ditions indicated in each experiment. After 24 h, germination was

assessed visually with a microscope (Leitz Fluovert FU; Ernst
Leitz Wetzlar GmbH, Wetzlar, Germany) at X400 magnification.
A minimum of 100 randomly selected conidia in each of two rep-
licate wells per treatment were evaluated and counted as germi-
nated when the germ tube exceeded the diameter of the conidium.
When necessary for practical purposes, germination was stopped
by addition of glutaraldehyde to a final concentration of 2.5%
(vol/vol).

T. harzianum and B. cinerea conidia in aqueous inocula settle
out of suspension fairly quickly, e.g., B. cinerea conidia settle on
the bottom of microtiter plate wells within 30 min of inoculation.
To investigate how dense accumulations of T. harzianum conidia
might affect germination of B. cinerea conidia, various concentra-
tions of T. harzianum conidia were coinoculated with B. cinerea
conidia in microtiter plate wells containing PDB. In order to ac-
curately register germination percent in concentrated suspensions,
5- to 10-pl samples were aspirated by micropipette from the floor
of the wells and transferred to fresh wells containing 100 ul of
2.5% glutaraldehyde. In mixed suspensions, swollen T. harzianum
conidia were distinguished from B. cinerea conidia based on
morphology (diameters of <8 and 212 um, respectively).

To study the effect of pollen on germination of T. harzianum,
anthers were removed from newly opened strawberry flowers,
placed in sterile distilled water (10 ul per anther), and incubated
for 24 h at 4°C. The resulting extract was sterilized by filtration
and mixed with an equal volume of a suspension of 2 x 10° T.
harzianum conidia ml™" in microtiter plate wells. Germination was
determined after 24 h and compared with germination in dilutions
of PDB assayed in the same experiment.

Detached flower assays. Strawberry flowers (cv. Korona) were
grown in hanging flats in a commercial greenhouse (Svein
Grimsby, @stfold County, Norway). For use in trials, flowers of
various developmental stages were collected in plastic bags, trans-
ported to the laboratory, and treated within 4 h of collection. In the
laboratory, flowers were sprayed to runoff with a suspension of T.
harzianum P1 conidia (5 x 10% mI™") or water (controls) and inocu-
lated with 10-pl droplets of B. cinerea E1 conidia (2 x 10° ml™)
placed on the flower at the junction between the base of the petals
and the immature fruit receptacle. Available pollen immediately
covered the surface and subsequently settled to the bottom of such
droplets. This method of inoculation was determined by prelimi-
nary tests to result in consistent infection by B. cinerea in newly
opened flowers. Treated flowers were placed aseptically in sterile
petri dishes, which were sealed with Parafilm and incubated at RT
(approximately 22°C), unless otherwise indicated. Five flowers
were placed in each dish, 25 flowers per treatment. The flowers
were inspected daily with a stereomicroscope for signs of spor-
lation of the relevant fungal isolate on the flower tissues. Appro-
priate controls were included to confirm that antagonist conidia
were not spread to untreated flowers during treatment or incuba-
tion and to ascertain natural infection by B. cinerea. Each experi-
ment was carried out at least twice, and the results shown are
typical of all repetitions.

Field and greenhouse trials. The field trial was carried out on
third-year strawberry plants (cv. Korona) at a commercial straw-
berry plantation (Hans Birger Stensrud, Akershus County, Nor-
way) in June and July 2000. The rows were spaced 150 cm apart
and fertilized twice before flowering with 70 kg per ha of NPK
11-5-17 (Norsk Hydro, Oslo, Norway). Before the single applica-
tion of antagonists late in the blossoming period (19 June),
individual flowers were tagged with color-coded wire markers
according to four phenologically defined stages: white bud, newly
opened flower, old flower (losing petals, with senescent stamens),
and small green fruit (unexpanded receptacle). Fifteen flowers at
each stage in each of four replicates per treatment were tagged,
ie., a total of 240 flowers per treatment, in a randomized
complete block design. Plants were sprayed in the evening after
tagging with a suspension of B. cinerea El conidia, followed in

Vol. 91, No. 12, 2001 1173



less than 1 h by suspensions of quiescent or activated T. har-
Zianum P1 conidia or water. Uninoculated controls were sprayed
with water. Five liters of solution were used for each treatment
(approximately 70 ml per plant), applied as a spray by a manually
powered backpack sprayer. Approximately 3 h before application,
T. harzianum conidia were washed from PDA plates with sterile
water as a concentrated suspension and diluted in tap water to 1 x
107 conidia ml™' immediately before application. A concentrated
suspension of activated T. harzianum conidia was prepared as de-
scribed previously and diluted in tap water to 1 x 107 conidia ml™
immediately before application. B. cinerea conidia were washed
from plates as a concentrated suspension 1 h before use, filtered
through sterile cheesecloth, and diluted in tap water to 1 x
10° conidia mI™! immediately before application.

All berries in the experimental field were harvested six times at
3- to 7-day intervals, beginning 14 days after treatment. Weights
of healthy and rotten berries and incidence of B. cinerea infection
were recorded at harvest. Tagged berries were collected as they
ripened, and incidence of healthy and rotten fruit was registered.
The ability of T. harzianum P1 to colonize flowers and fruits at
various times following field treatment was investigated at 18 h,
14 and 39 days after application. At the first two sampling times,
10 flowers or apparently healthy fruits were collected from each
treatment replicate, placed in petri dishes or plastic berry con-
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Fig. 1. Effect of flower stage on colonization by Trichoderma harzianum and
Botrytis cinerea. Flower stage 1: newly opened flower; 2: flowers losing
petals; 3: flowers with brown stamens and stigmas; 4: green receptacles; and
5: uninoculated new flowers. A, Percentage of flowers showing B. cinerea
sporulation after inoculation with B. cinerea conidia and incubation in moist
chambers for 7 days. B, Percentage of flowers showing T. harzianum P1
sporulation after sprayed to runoff and incubated in moist chambers for
4 days. Data bars indicate means with standard error. Data bars with different
letters are significantly different (Fisher’s protected least significant
difference, P < 0.05).
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tainers, respectively, and incubated in moist chambers. Care was
taken to prevent contact infection during incubation. All tagged
berries in the final harvest were similarly incubated. Samples were
inspected daily with a stereomicroscope for signs of Trichoderma
sporulation.

The greenhouse trial was carried out in October and November
2000 on first-year strawberry plants (cv. Korona) grown in hang-
ing flats of sphagnum peat in a commercial greenhouse (Svein
Grimsby, @stfold County, Norway). Four replicates of nineteen
plants (seven plants per meter) in separate flats were used for each
treatment in a randomized complete block design. Ambient tem-
perature at the level of the plants was recorded continually during
the experimental period by a thermohygrograph. The flats were
heated automatically by hot water pipes suspended 10 cm below
the flats (water temperature 35 to 40°C), and roof ventilators
opened at temperatures exceeding 18°C or relative humidity
above 98%. A minimum day length of 18 h was achieved by
supplementing natural light with high-pressure sodium lamps at a
level of 160 to 180 W/m?, as measured just above the plant
canopy. Plants were fertilized continuously via the drip irrigation
system with a mixture of Soft Fruit Superex, NPK 14-4-27 with
magnesium and micronutrients (Kekkild Oyj, Eurajoki, Finland)
and CalciNit, 15.5% N and 19% Ca (Norsk Hydro AS, Oslo,
Norway). The exact composition and dosage rate of the mixture
were adjusted by the grower according to the developmental stage
and treatment of the plants. No chemical fungicides or other
pesticides were applied to the plants.

Newly opened flowers were sprayed to runoff with hand-held
spray bottles five times, at 3-day intervals, with conidial suspen-
sions of B. cinerea E1 (1 x 10° conidia ml™), followed by suspen-
sions of quiescent or activated T. harzianum P1 (5 x 107 conidia
ml™) or water (Botrytis-inoculated control). Uninoculated controls
were sprayed with water. Berries were harvested seven times at
3- to 5-day intervals, and incidence of healthy and diseased berries
was registered. Ten symptomless berries from each replicate (i.e.,
40 berries per treatment) were placed in plastic berry cartons, with
care taken to insure a lack of contact between berries, and
incubated at 22 to 24°C over trays of water. Diseased berries were
removed as pathogen sporulation became evident, and total inci-
dence of infection at 3 days was recorded. This test was repeated
on berries harvested 10 days later.

Ten flowers per treatment replicate were collected immediately
after being treated as newly opened flowers at 4, 8, and 10 days
following treatment. These were incubated and inspected for
Trichoderma sporulation as described previously. Ten ripe berries
per replicate from two harvests were collected and similarly incu-
bated. Another 10 berries per replicate in the same harvests were
washed in 100 ml of sterile water containing 0.05% Triton X-100
and plated on Trichoderma-selective medium (14) for CFU
counts.

Statistical analysis of data. The significance of treatments in
the field and greenhouse trials was tested by analysis of variance
for interaction effects, and subsequently the significance of dif-
ferences between treatment means was tested by Fisher’s protect-
ed least significant difference (PLSD) for treatments at each
flower stage. The ability of B. cinerea or T. harzianum to colonize
different flower stages in moist chambers was analyzed by PLSD.
Regression was used to analyze the effect of incubation tempera-
ture and antagonist inoculum density on in vitro germination of B.
cinerea. Analyses were performed using the statistics software
packages Excel 5.0a Data Analysis Toolpak (Microsoft) and
StatView 5.0.1 (SAS Institute, Inc., Cary, NC).

RESULTS

Colonization of detached strawberry flowers by B. cinerea
and T. harzianum P1. Because B. cinerea is known to infect
newly opened strawberry flowers, it was necessary to investigate



the ability of T. harzianum P1 to colonize flowers alone and in
competition with the pathogen. Untreated greenhouse-grown
strawberry flowers of various phenological stages were brought to
the laboratory for inoculation with B. cinerea or T. harzianum P1
followed by incubation in moist chambers. Both the antagonist
and the pathogen readily colonized flowers between the time of
release of pollen and petal abscission. Inoculation of flowers with
B. cinerea during this period resulted in necrotic lesions on sepals
within 72 h and sporulation of B. cinerea on sepals and petals
within 7 days (Fig. 1A). B. cinerea conidia inoculated on older
flowers with senescing stigmas and stamens or on green
receptacles did not result in infection significantly different from
uninoculated controls. When sprayed on newly opened flowers, T.
harzianum P1 was able to colonize anthers with sporulating my-
celium within 4 days, in most cases preventing sporulation by in-
digenous fungi on these sites, as judged by microscopic inspection
of flowers incubated in moist chambers. The antagonist colonized
anthers of senescing flowers less well, whereas green fruit was not
colonized at all following inoculation (Fig. 1B).

Germination of T. harzianum in pollen extract from newly
opened flowers was measured and compared with germination in
dilutions of the standard laboratory medium PDB (Fig. 2). The
PDB concentration affected germination percent, diameter of co-
nidia at time of germination, and diameter of the germ tubes. Half-
strength pollen extract supported germination corresponding in all
three parameters to 0.24 g of PDB per ml. For convenience and
reproducibility of results, further in vitro experiments were
conducted with PDB.

T. harzianum P1 conidia were activated by incubation in PDB
as described previously. These activated conidia, or untreated
quiescent conidia, were sprayed on strawberry flowers, which
were then inoculated with B. cinerea conidia and incubated in
moist chambers. The percentage of coinoculated flowers subse-
quently showing B. cinerea sporulation was affected by the
incubation temperature following treatment (Fig. 3). Preactivated
antagonist conidia suppressed sporulation of B. cinerea at 12°C
significantly better than did conidia that were quiescent at the time
of application (t test, P = 0.02). Not only incidence but also extent
of B. cinerea sporulation was reduced on flowers treated with both
pathogen and antagonist compared with that on flowers treated
with the pathogen alone (data not shown).

In vitro germination of quiescent and activated T. har-
Zianum P1 and B. cinerea. The effect of temperature on antago-
nistic characteristics of T. harzianum P1 was investigated further
by studying in vitro germination of the fungi. The 50% germi-
nation time (Gsy) of conidia of quiescent and activated T. har-
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Zianum P1 and B. cinerea in axenic culture was significantly
affected by temperature (T) (G5 quiescent P1 = 1,631.20T 153 [P <
0.001]; Gs, activated P1 = 964.03T "7 [P < 0.001]; and Gs, B.
cinerea = 54.48T%7° [P < 0.001]) (Fig. 4). When T. harzianum P1
conidia were activated before application, their subsequent ger-
mination time did not differ significantly from that of B. cinerea
El at temperatures of >15°C (t test, P > 0.09). Initially quiescent
conidia had a significantly longer germination time than B.
cinerea at all temperatures tested (P < 0.01). The effects of tem-
perature on germination of quiescent and activated conidia corre-
sponded with the results of inoculation experiments on detached
flowers (Fig. 3), although the antagonistic mechanism was not
clear, e.g., we have never observed interference between simul-
taneously germinating conidia of T. harzianum P1 and B. cinerea
El in vitro. Therefore, we investigated the possibility that inhibi-
tory interactions occurred before completion of germination.
When T. harzianum conidia were sprayed on uneven plant sur-
faces, inoculum droplets often coalesced, resulting in large num-
bers of conidia accumulating in surface depressions on leaves and
flowers together with pollen grains and plant debris (L. Hjeljord,
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Fig. 3. The effect of temperature on the efficacy of quiescent or activated
Trichoderma harzianum P1 conidia in reducing sporulation of Botrytis
cinerea on strawberry flowers. Newly opened flowers were sprayed to runoff
with T. harzianum and subsequently inoculated with B. cinerea. Flowers
were incubated in moist chambers for 7 days at 24°C, 10 days at 18°C, or
14 days at 12°C. Data bars represent incidence of sporulation on flowers
treated with both pathogen and antagonist as a percentage of that on flowers
inoculated with B. cinerea alone at the relevant temperature. Data bars repre-
sent means and standard error of three experiments.
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unpublished observations). To investigate how dense accumula-
tions of T. harzianum conidia might affect germination of B.
cinerea conidia in such microhabitats, various concentrations of T.
harzianum conidia were coinoculated with B. cinerea conidia in
microtiter plate wells (6-mm diameter). Although the size of a
water drop on a plant surface is affected by factors such as
hydrophobicity, surface angle, and topography, 10- to 20-ul drops
typically collected between stamens and on petals on newly
opened strawberry flowers sprayed to runoff. A 20-ul drop on a
petal had a diameter of approximately 4 mm. Because most B.
cinerea and T. harzianum conidia settle out of suspension, the
conidia density on the floor of a 6-mm-diameter well inoculated
with 50 pl of a given suspension would approximately correspond
to that at the base of a 20 ul, 4-mm-diameter drop of the same
suspension. For example, a suspension containing 1 x 107 T.
harzianum conidia per ml would result in a settled density of 1.8 x
10* conidia per mm? on the well floor or 1.6 x 10* conidia per mm?
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were coinoculated with quiescent conidia of T. harzianum P1 at the concen-
trations indicated. Incubation temperature 23 + 2°C.
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at the bottom of a 4-mm drop on a petal. This is a dense
concentration of conidia that come in physical contact with each
other as they swell.

The effect of such conidia accumulation on germination of the
fungi in vitro was studied on B. cinerea and T. harzianum conidia
settled on the bottom of microtiter plate wells, with PDB as a nu-
trient source (Fig. 5). It was found that the germination percentage
of T. harZanum was reduced at concentrations of >10° conidia ml™!
(F was significant at P = 0.006), and in mixed cultures, the same
antagonist concentrations negatively affected germination of B.
cinerea conidia (F was significant at P = 0.002).

B. cinerea germination in mixed cultures in which both incuba-
tion temperature and concentration of T. harzianum conidia were
varied is illustrated in Figure 6. Analysis of variance showed that
the results of interactions between B. cinerea and T. harzianum
conidia were significantly affected by both temperature (P = 0.04)
and concentration of the antagonist (P = 0.02) when the latter was
quiescent at time of inoculation (Fig. 6A). In contrast, temperature
was not a significant source of variation when the antagonist
conidia were activated by nutrients before being coinoculated with
the pathogen conidia (Fig. 6B). Inoculum concentration of nu-
trient-activated antagonist conidia accounted for the effect on
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Fig. 6. Effect of antagonist inoculum concentration and incubation tempera-
ture on germination of Botrytis cinerea conidia coinoculated in potato
dextrose broth with A, quiescent or B, activated Trichoderma harzianum P1
conidia. Germination was evaluated 24 h after inoculation. One-hundred per-
cent germination of B. cinerea conidia (1 x 10° ml~! in all suspensions) was
achieved at all temperatures in the absence of T. harzZianum conidia or at T.
harzianum concentrations <103 ml~!. Data bars are mean germination of two
replicates of 100 randomly chosen conidia.



germination of the pathogen (P = <0.0001). Suppression of B.
cinerea germination (GBc) by the three highest concentrations of
quiescent conidia was directly dependent on temperature (T): at
108 P1 conidia ml™!, GBc = —7.708T + 197.3 (P = 0.01); at 10’ mlI™',
GBc = -5.589T + 176.8 (P = 0.01); and at 10° ml!, GBc =
-1.280T + 117.6 (P = 0.02) (Fig. 6A). When activated before
inoculation, P1 conidia at a concentration of 10® ml™! were not de-
pendent on temperature to effectively suppress B. cinerea germi-
nation. Less concentrated inocula of activated conidia suppressed
B. cinerea germination more effectively at higher temperatures: at
107 activated P1 conidia ml™!, GBc = -5.407T + 156.5 (P = 0.05);
and at 10® mI™!, GBc = -2.16T + 127.0 (P = 0.01) (Fig. 6B).

When inoculated at the two highest concentrations, activated T.
harzianum conidia were significantly more effective than quiescent
conidia in inhibiting B. cinerea germination at all temperatures
(PLSD, P < 0.04), except at a concentration of 107 conidia per
ml at 22°C. Although the germination shown was measured at
24 h, it did not increase after this time unless the cultures were
manipulated.

In those cultures in which germination was detected, germ tube
extension from germinated B. cinerea conidia was inhibited by
both fresh and activated T. harzianum conidia at concentrations of
>10° per ml (data not shown). As seen previously (Fig. 5), germi-
nation of the antagonist was also inhibited in dense suspensions.
However, because of the large numbers of T. harzianum conidia
present, even a low germination percentage resulted in mycelial
growth of the antagonist similar to that seen in noninhibited cul-
tures when conditions were otherwise conducive to germination.
Mycelial establishment of B. cinerea was never detected in
severely inhibited cultures, even after extended incubation.

The cause of the germination inhibition in dense conidial sus-
pensions was investigated as follows. Ten-microliter aliquots con-
taining medium and conidia were removed from mixed cultures
that had been incubated 24 h without significant germination
(103 activated T. harzianum P1 per ml plus 10° B. cinerea per ml
incubated at 25°C [Fig. 6B]). When the aliquots were placed in
new wells without the addition of nutrients or water, germination
of both T. harzianum and B. cinerea increased rapidly. Within 4 h,
the previously inhibited B. cinerea conidia reached 100% germi-
nation and many of the swollen but ungerminated T. harzianum
conidia proceeded to germinate. Germination also increased in the
well from which the aliquot had been removed, whereas germi-
nation did not change in parallel wells from which no conidia
were removed. No changes were made in the test suspensions
other than increased dispersal of conidia when the small aliquots
were spread over the surface of new wells and aeration of both
suspensions as a result of aliquot transfer. In a second experiment,
all conidia were removed from inhibitory and noninhibitory sus-
pensions by centrifugation and the supernatants were inoculated
with fresh conidia of B. cinerea and T. harzianum (each in a final
concentration of 1 x 10° mI™"), without the addition of nutrients.
At this lower concentration, the conidia germinated completely

TABLE 1. Germination of Botrytis cinerea in suspensions of Trichoderma
harzianum Pl in potato dextrose broth before and after reduction of T.
harzianum conidia density

% B. cinerea germinationy

Antagonist coinoculated In original After removal and

with B. cinerea (per ml)* suspension replacement of conidia?
108 activated P1 03+0.3 98+ 1.1

10° activated P1 92+1.5 97+1.5

108 quiescent P1 9.3+2.6 100+ 0

10° quiescent P1 99 +£0.67 1000

X Final concentration of B. cinerea conidia in all suspensions was 1 x 103 co-
nidia per ml.

¥ Mean of three replicates * standard error.

? Final concentration of T. harzianum conidia was 1 x 10° per ml.

within 24 h, indicating that nutrient depletion or build-up of toxic
metabolites in the medium had not caused the germination in-
hibition seen in the original suspension (Table 1).

Taken together, these results suggest that the germination inhi-
bition seen in dense conidia suspensions was a fungistatic effect
of lack of oxygen or build-up of CO, in the immediate vicinity of
the swelling conidia. T. harzianum P1 conidia that had already
initiated germination processes at the time of inoculation produced a
more inhibitory suspension than quiescent conidia (Fig. 6), even
without germinating (Fig. 5). Inhibition of B. cinerea germination
by both activated and initially quiescent P1 conidia increased with
temperature (Fig. 6), as did speed of germination (Fig. 4). The
volatile nature of the inhibitory factor was suggested by the obser-
vation that agitation and dispersal of the conidia was sufficient
and necessary to permit germination to proceed (Table 1).

Effect of T. harzianum P1 application on B. cinerea infection
of strawberries in the field and greenhouse. A field trial was
designed to test whether application of quiescent or activated T.
harzianum P1 conidia was able to reduce B. cinerea infection of
strawberry flowers. Flowers were tagged according to four
different phenological stages and were sprayed to runoff with B.
cinerea E1 conidia and fresh or activated T. harzianumP1 conidia.
The mean air temperature was 13.5°C the day of treatment appli-
cation and did not exceed 15.8°C during the following 4 days. The
field was harvested six times after treatment. The tagged flowers
made it possible to determine the approximate phenological stage
at which each crop of ripe berries had been treated, as well as that
of the individual tagged berries. There were no significant treat-
ment effects on total weight of harvest or percent by weight of
healthy berries in the crops resulting from treatments applied
when the majority of flowers were senescing or older (data not
shown). At the time of the sixth and final harvest, when berries
treated as open flowers and buds became ripe, the crop was so
heavily damaged by rain that only the remaining tagged berries
were harvested and registered.

Analysis of the tagged berries showed that inoculation with
conidia of T. harzianumP1 and B. cinerea or both had no effect on
the percentage of healthy berries when applied to flowers before
or after the newly opened flower stage (Table 2). Even flowers
treated shortly after this stage, i.e., when the petals were dropping,
showed no effect of treatments. However, application of nutrient-
activated conidia of T. harzianum P1 to flowers at the newly
opened flower stage resulted in a significant increase in the per-
centage of healthy berries compared with treatments with water
alone (P = 0.01), with B. cinerea alone (P = 0.0005), or with B.
cinerea and nonactivated T. harzianum P1 conidia (P = 0.01)
(Table 2).

In the greenhouse trial, plants were treated as in the field trial,
with the exception that all newly opened flowers were treated by
spraying at 3-day intervals throughout the blossoming period. The

TABLE 2. Percentage of healthy strawberries at harvest following a single
treatment with quiescent or nutrient-activated Trichoderma harzianum P1
conidia and Botrytis cinerea conidia applied to flowers tagged at different
phenological stages”

Developmental Uninoculated Quiescent P1  Activated P1
stage treated control B.cinerea  +B.cinerea  + B.cinerea
Bud 250+9.6a 300%+43a 267f72a 267+£6.1a
Newly opened

flower 333+47b 250%+17b 333%£47b 483*1.6¢
Senescing

flower 350+8.8d 30.0+84d 333%£38d 31.7£69d
Green fruit 433+104e 500+135e 41.7+74e 533%27e

2 All data are means * standard error of four replicates. Different flower
stages (rows) were analyzed separately, because of different harvest times
and environmental conditions. Treatment means in each row followed by
the same letter are not significantly different (Fisher’s protected least
significant difference, P < 0.05).
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mean daily temperature during the treatment period was 18.6°C
and it remained above 18°C throughout the harvest period. Regi-
stration at harvest showed little fruit decay and no significant
effect of treatments (data not shown). Incubation of symptomless
berries under disease-promoting conditions, however, revealed
that inoculation of open flowers with B. cinerea significantly in-
creased the amount of latent infection (PLSD, P = 0.02 [Fig. 7A],
P = 0.003 [Fig. 7B]). When flowers inoculated with the pathogen
were also treated with T. harzianum conidia, disease was reduced
to a level not significantly different from the uninoculated controls
(P =0.10 [Fig. 7A], P = 0.24 [Fig. 7B]). There was no significant
difference between the efficacy of activated and initially quiescent
T. harzianum conidia.

Survival of T. harzianum P1 on treated flowers and fruits.
To monitor colonization ability of the antagonist, flowers and
apparently healthy berries were collected from the greenhouse and
field trials at various times after treatment with T. harzianum
conidia and incubated in moist chambers to promote sporulation
of the antagonist. No sign of Trichoderma sporulation was seen on
any samples at the time of collection. When treated flowers were
collected in the greenhouse and field the day after conidia appli-
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Fig. 7. Latent infection in greenhouse-grown strawberries following sprays to
runoff during flowering with conidia of Trichoderma harzianum (5 x 107 mI")
and Botrytis cinerea (1 x 10° ml™!). Control: sprayed with water; Bc: sprayed
with B. cinerea and water; Bc+P1: sprayed with B. cinerea and quiescent
conidia of T. harzianumP1; and Bc+act.P1: sprayed with B. cinerea and acti-
vated conidia of T. harZianum P1. Four replicates of ten symptomless berries
from each treatment were taken from the A, first and B, third harvests and
incubated at 22 to 24°C in moist chambers for 3 days. Bars show means +
standard error of replicates; bars with different letters are significantly
different (Fisher’s protected least significant difference, P < 0.05).
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cation and placed in moist chambers, copious Trichoderma sporu-
lation developed on anthers of all flowers treated with activated or
quiescent conidia, indicating that the conidia had survived the
application process and were germinable under conducive condi-
tions. After 4 days in the greenhouse, a mean (£ standard error) of
80 + 6% of the treated flowers showed Trichoderma sporulation
after incubation. After 8 and 10 days in the greenhouse, Tricho-
derma sporulation was detectable on 39 £+ 2.5% and 15 + 0.5% of
the treated flowers, respectively. No sporulation was detectable
after incubation of ripe berries that had been treated as flowers,
although berry washes revealed a mean of 1 to 10 x 10° Tricho-
derma CFU per berry (data not shown). There were no consistent
differences between berries treated with quiescent and activated
conidia. Two weeks after treatment in the field, ripe berries that
had been sprayed with conidia as immature fruit were similarly
incubated. No signs of Trichoderma sporulation were seen on the
fruit. After the last harvest, tagged berries that had been treated as
open flowers with T. harzianum conidia 39 days previously were
similarly incubated. No signs of the antagonist were seen before
or after incubation. These results indicate that conidia of the
antagonist were not germinable on the fruit following extended
exposure to field or greenhouse conditions.

DISCUSSION

The laboratory, greenhouse, and field experiments demonstrated
that T. harzZianum P1 conidia were capable of preventing coinocu-
lated conidia of B. cinerea from infecting newly opened straw-
berry flowers. The time frame involved indicated that effective
antagonism occurred before or immediately after germination of
the introduced conidia of both fungi, and in vitro experiments sug-
gested a previously undescribed antagonistic mechanism consis-
tent with these results as well as those of previously reported field
trials.

The key role of substrate nutrients in the relevant interactions
was suggested by the inability of either fungus to effectively
colonize flower stages in which fresh pollen was unavailable.
Germination and flower infection by B. cinerea are enhanced by
pollen (3,7,28), and pollen also induced germination of T. har-
Zianum P1 conidia. When quiescent T. harzianum and B. cinerea
conidia come in contact with nutrients at the same time, the patho-
gen has the competitive advantage of a faster germination rate,
particularly at low temperatures. It is well known that Tricho-
derma antagonists are most effective at temperatures approaching
25°C. However, because even at these temperatures B. cinerea
conidia are able to complete germination faster than Trichoderma
conidia, effective inhibition must occur while the antagonist co-
nidia are still ungerminated. The present results demonstrated that
at conducive temperatures, sufficiently concentrated inocula of
initially quiescent T. harzianum conidia were capable of inhibiting
in vitro germination of B. cinerea conidia on nutrient substrates.
At lower temperatures, however, preliminary initiation of germi-
nation processes in the antagonist conidia was necessary for
effective antagonism.

The importance of applying a highly concentrated antagonist
inoculum has not previously been explained satisfactorily. The
present results suggest that this may be related to development of
an inhibitory microenvironment by the increasing respiration of
conidia following initiation of germination (37,46). Germination
of B. cinerea decreases linearly with increasing amounts of CO,
(58), whereas Trichoderma spp. are relatively insensitive to low
oxygen and high CO, levels, perhaps reflecting their adaptation to
a soil habitat (6,11,33). Oxygen consumption by conidia of many
fungi increases linearly with time as germination progresses
(19,35). The observation that T. harzianum P1 conidia inhibited in
vitro germination of B. cinerea more effectively at a near-optimal
25°C than at 18 or 12°C is consistent with a more rapidly in-
creasing conidial respiratory rate at the higher temperature. The



same temperature pattern was described for effective antagonism
by T. harzianum toward B. cinerea on grapes and cucumbers (12,
17). T. viride could suppress germination of B. cinerea on lettuce
when coinoculated at 25°C, but the antagonist had to be inocu-
lated 2 days before the pathogen to inhibit its germination at 15°C
(60).

Pregermination interactions do not exclude nutrient competition
or suppression of secondary inoculum production as biocontrol
mechanisms under environmental conditions conducive to germi-
nation and survival of the antagonist. We have regularly observed
mycoparasitism by T. harzianum P1 on B. cinerea mycelium on
fruits in moist chambers. However, we have not observed coloni-
zation of T. harzianum on flowers or fruits under field conditions.
The lack of evidence that the antagonist retained germinability on
developing fruit throughout the field and greenhouse trials as well
as the improved efficacy following preliminary conidia activation
suggest that early antagonistic interactions were primarily respon-
sible for the observed disease reduction. Because flower infec-
tions occur during a limited period, antagonist conidia would not
need to be ecologically competent on flower surfaces in order to
be effective.

The antagonistic mechanism suggested by our results is consis-
tent with ecological characteristics of T. harzianum. Regulation of
germination according to substrate nutrient levels is a necessary
adaptation for ruderal soil fungi such as Trichoderma (45). Fur-
thermore, the ability to initiate and subsequently suspend spore
germination processes in response to fluctuations in nutrient avail-
ability might be an adaptation allowing rapid response when
conditions again become favorable for mycelial growth, i.e., a
mechanism to disperse germination in time (49,61). On the other
hand, incompletely germinated conidia are susceptible to gradual
debilitation by other microorganisms (61). It may be speculated
that the apparent wastefulness of simultaneous initiation of germi-
nation in excessive numbers of Trichoderma conidia in the same
microenvironment is actually a natural competitive mechanism to
suppress other microorganisms in a manner similar to that seen in
the present investigation. Trichoderma spp. are capable of pro-
ducing copious amounts of conidia, and the competitive advantage
accruing the few conidia completing germinating might outweigh
the added energetic costs of reproduction for the population as a
whole. It may be further speculated that simultaneous germination
initiation could be a mechanism to select those conidia genetically
or physiologically best suited to exploitation of the substrate in
question.

There are several practical implications of these results relevant
to Trichoderma-based biocontrol programs. In applications aimed
specifically at prevention of blossom infection, concentrated
inocula of antagonist conidia should be applied to all newly open-
ed flowers, i.e., a treatment strategy based on frequent reapplica-
tion of high density inocula rather than protection by spread of a
colonized antagonist (18,36). To induce rapid germination initia-
tion, quiescent antagonist conidia should be applied during a
period in which temperatures remain conducive to germination for
at least several hours. At suboptimal temperatures, activation of
conidia before application should enhance the competitive capa-
city of the antagonist. Furthermore, selection of a Trichoderma
isolate for such applications could be based on specific physio-
logical traits, e.g., speed and synchronism of germination rather
than more diffuse characteristics such as ecological competence,
which may be important for other applications based on antagonist
colonization of specific habitats. An ecologically incompetent
antagonist might in fact be desirable for application on edible
plant products. With regard to physiological improvement of the
antagonist’s activity, formulations and delivery protocols could be
optimized toward application of activated conidia. “Endogenous
formulation” of Trichoderma conidia, in which the only nutrients
introduced into the environment are those absorbed by the antago-
nist before application, might be a way of avoiding the unintended

stimulation of the pathogen sometimes seen following nutrient
amendments in formulations applied to nonsterile plant surfaces
(22,29,53,57).

In summary, the present results suggest that the ability of T.
harzianum conidia to successfully prevent flower infection by B.
cinerea may involve production of an inhibitory microenviron-
ment by large numbers of conidia increasing respiration upon
initiating germination on a nutrient-rich substrate. Such a biocon-
trol mechanism is consistent with previous observations on the
importance of nutrient availability, conducive temperatures, and
concentrated inocula for effective disease suppression by Tricho-
derma isolates. Furthermore, it offers an explanation for the ob-
served ability of Trichoderma antagonists to prevent germination
of competing conidia when coinoculated at near-optimal tem-
peratures, whereas efficacy at lower temperatures necessitates
prior introduction. Inhibition of B. cinerea germination by incom-
pletely germinated T. harzianum conidia is admittedly proposed
based on observations on conidia germinating in nutrient solutions
in vitro. However, because B. cinerea germination and flower
infection are dependent on the presence of free water and
available nutrients (5,16,27), it appears that disease reduction in
the field could result from similar interactions between conidia
accumulating on newly opened flowers. Activation of antagonist
conidia prior to application might be a method of improving the
consistency of biocontrol programs. The demonstrated ability of T.
harzianum conidia to inhibit B. cinerea germination before, or
without, completing their own germination could explain the often
observed but puzzling ability of this antagonist to control disease
on plant surfaces without leaving evidence of mycelial coloni-
zation of the substrate.
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