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Abstract

The effect of three reported biological control ageisipelomyces quisqualigerticillium lecaniiandSporothrix
flocculosawas tested against cucumber powdery mild8pt{aerotheca fuligindaTwo glasshouse experiments,

one in the summer and one in winter/spring were conducted on a semi-commercial scale. In both experiments, a
susceptible and a partially resistant cultivar were used. In the second experiment, the additional effect of integration
of biological control and silicon amendments to the nutrient solution was also assessed. In both expekiments,
quisqualisdid not control the diseas&. lecaniihad a small effect on powdery mildew in the first experiment

but not in the secondS. flocculosagave the best control of powdery mildew in both experiments. In the first
experiment, weekly application &. flocculosaeduced disease in the partially resistant cultivar to the same level

as a treatment in which the fungicides bupirimate and imazalil were each applied once. Addition of silicon in the
nutrient solution in a concentration of 0.75 mM reduced disease by 10-16%, averaged over all treatments. There
was no interaction between silicon and the biocontrol agents. Yield was recorded in the second experiment and was
significantly increased by the fungicide treatment compared to the control in the partially resistant cultivar. Yield in
the treatment witls. flocculosavas not significantly different from the fungicide treatment in this cultivar. Silicon

had no effect on yield in either cultivar.

Introduction veloped in order to decrease the fungicide input and

the dependance on these fungicides.

Biological control of various powdery mildew

fungi has been studied quite extensively in the past
Powdery mildew, caused b$phaerotheca fuliginea  and was recently reviewed for greenhouse crops (Elad
(Schlechtend.:Fr.) Polacci, is the most important dis- et al., 1996: Menzies and Bélanger, 1996). A few
ease in glasshouse-grown cucumbers in the Nether-mjcroorganisms have been shown to give moderate
lands, requiring high inputs of fungicides for control. o good control under experimental conditions. For
The intensive use of peS'[iCideS is regarded Undesir'instance,Ampek)myceS quisqua|@es_’ a hyperpar-
able both for environmental reasons and for the risk gsite of several powdery mildew fungi, was shown
of the development of resistance by the pathogen. o control S. fuligineain cucumber by a number of
Furthermore, biological control of insects, which has researchers (Jarvis and Slingsby, 1977; Philipp and
become common practice, may be adversely aﬁectedCruger, 1979; Sundheim, 1982; Sztejnberg et al.,

by powdery mildew fungicides. Therefore, alternative 1989). A. quisqualispenetrates and feeds on the hy-
control measures for powdery mildew need to be de-
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phae of the powdery mildew fungus (Hashioka and both with a susceptible and a partially resistant cul-
Nakai, 1980). A strain oA. quisqualisisolated in the tivar. In the second experiment, the additional effect
Hebrew University of Jerusalem, Israel (Sztejnberg et of integration of biological control and silicon amend-
al., 1989), has been formulated and commercialized ments to the nutrient solution was also assessed. The
by Ecogen Inc. under the trade name AQ10. objective was to determine if silicon amendments, re-
The fungusVerticillium lecanii (Zimm.) Viégas ported to reduce the rate of development of powdery
is another hyperparasite reported to reduce pow- mildew (Adatia and Besford, 1986; Menzies et al.,
dery mildew in cucumber both on leaf disks and in 1991; Dik and Voogt, unpublished results) influenced
glasshouse experiments (Askary et al., 1997; Spencerthe performance of the biocontrol agents.
and Ebben, 1983; Verhaar et al., 1993; Verhaar et al.,
1996). In a comparative study in glasshouse-grown
cucumber,V. lecanii showed better control of pow-
dery mildew tharSporothrix rugulosgVerhaar et al.,
1996).

Materials and methods

Plant material

The yeast-like fungu$porothrix flocculosalra- Long English cucumber plant€(cumis sativus..)
quair, Shaw and Jarvis (syRseudozyma flocculosa  of a susceptible cultivar (Jessica in exp. 1, Ventura
(Boekhout, 1995) was effective against both rose and in exp. 2) and a partially resistant cultivar (Flamingo)
cucumber powdery mildew (Bélanger et al., 1994; Ha- were grown in a commercial nursery and transplanted
jlaoui and Bélanger, 1991, Jarvis et al., 1989). In com- at the four to five leaf stage. The plants were grown in
parative experiments under controlled conditioBs,  rockwool slabs and trained using the umbrella system
flocculosashowed more rapid colonization of powdery  (Jarvis, 1992). Fruits were harvested three times per
mildew colonies thai®. rugulosaor Tilletiopsis wash- week. Insects were controlled biologically.
ingtoniensisand was less affected by unfavourable
climatic conditions (Hajlaoui and Bélanger, 1991).
The effect ofS. flocculosds not based on hyperpar-
asitism, but on antibiosis (Benyagoub et al., 1996;
Choudhury et al., 1994; Hajlaoui et al., 1992).

Climate regime

Heating temperature in the glasshouse was set at 21—

22°C. Ventilation temperature was set at 8Gabove

the heating point. Screens in the top of the glasshouse
Other fungi, such adilletiopsis spp. have been  were closed from sunset until sunrise, in order to pre-

reported to control powdery mildews in small scale vent heat loss and to increase relative humidity during

experiments (Urquhart et al., 1994). However, the per- the night. Extra C@was added to each compartment.

formance in glasshouse trials has been disappointing, Data on temperature, relative humidity and vapour

probably due to low humidity conditions (Hijwegen,
1992).

The efficacy of biocontrol agents depends on the
climatic conditions in the crop. Powdery mildew fungi

pressure deficit (VPD) were collected in each com-
partment at one-minute intervals. Averages of 60 min
were stored in a VAX mainframe computer (Digital,
Utrecht, The Netherlands).

can thrive under dry conditions, whereas most biocon-
trol agents require relative humidities above at least Supply of water, nutrients and silicon

70% (Hajlaoui and Belanger, 1991; Phillip and Hel- The plants were grown in rockwool with reuse of
stern, 1986). Furthermore, the rate of development drainage water. The nutrient solution was supplied by
of the powdery mildew may influence the reduction means of trickle irrigation. The amount was automat-
achieved by biocontrol agents, especially in the case ically adjusted to the irradiation level. Approximately
of hyperparasites. This means that the efficacy of bio- 309 of the nutrient solution supplied was drained off
control agents may differ from season to season, from and reused. The basic composition of the nutrient so-
cultivar to cultivar and may be influenced by other |ution was 1.0 NH, 6.5 K, 2.75 Ca, 1.0 Mg, 11.75
control measures. NO3 1.0 SQ and 1.25 HPO in mM and 15 Fe, 10
The objective of this work was to compare the effi- Mn, 5 zn, 25 B, 0.75 Cu and 0.75 Mo jaM. The EC

cacy ofA. quisqualis, V. lecanandsS. flocculos@an S. in the root environment was kept between 3.0 and 3.5
fuligineaon glasshouse-grown cucumber under semi- dS.nr! and the pH between 5 and 6. In experiment
commercial conditions. In order to test the robustness 2, additional Si in a concentration of 0.75 mM was
of the biocontrol agents, experiments were run in a added to half of the plots as potassium metasilicate
summer crop and a winter/spring crop of cucumber, (9.1% Si, 25.4% K, Sikal, Hydro Agri, Vlaardingen,
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Table 1. Dates of applications of treatments for the two cultivars in both experiments

Treatments Experiment 1 (1994) Experiment 2 (1995)
Susceptible cv. Resistant cv. Susceptible cv. Resistant cv.

Controf June 14,20,27, July 5  June 14,20,27, March 3,14,21,28 March 3,14,21,28,
July 5,13,19 April 5,11,19,26, May 3

A.quisqualis June 14,20,27,July 5  June 14,20,27, March 3,14,21,2, March 3,14,21,28,
July 5,13,19 April 5,11,19,26, May 3

V.lecanii June 14,20,27,July 5  June 14,20,27, March 3,14,21,28 March 3,14,21,28,
July 5,13,19 April 5,11,19,26, May 3

S.flocculosa June 14,20,27,July 5  June 14,20,27, March 3,14,21,28 March 3,14,21,28,
July 5,13,19 April 5,11,19,26, May 3

Fungicid& June 20 (bupirimate)  June 20 (bupirimate), March 17 (bupirimate), = March 30 (bitertanol),

July 13 (imazalil)

March 30 (bitertanol) April 18 (bitertanol)

4 in exp. 1: Tween 80 and paraffin oil, in exp. 2: paraffin 8ilconcentrations of fungicides were 200 ml per 100 | for
bupirimate (Nimrod), 100 ml per 100 | for bitertanol (Baycor) and 25 ml per 100 | forimazalil (Fungaflor).

The Netherlands), for which nitric acid was added in
a molar ratio of 2 mol F to 1 mol Si to adjust the
pH. This resulted in plots with no additional silicon
(Si~) and plots with silicon (Sf). The increase in K
and N supply by the Si and nitric acid application was
equally settled by reduction of the K and N supply by

Sphaerotheca fuligineaSpores were blown off the

leaves 36 h before the leaves were used for inocu-
lation of the large glasshouse experiments, in order
to ensure that all the spores in the suspension were
fresh and of the same age. The source leaves were
picked and washed in water. The spore concentra-

the fertilisers. Drainage water was analysed every two tion was assessed with a haemocytometer and adjusted

weeks for macro- and micro- elements, Si, EC and pH.

to 100 spores mi'. Within two hours of suspend-

If necessary, adjustments to the basic composition of ing the spores in water, leaf 5 of all the plants in

the nutrient solution were carried out.

Biocontrol agents and preparation of suspensions

the glasshouse was inoculated with 5-10 ml per leaf.
Floors in the glasshouse were wetted and inoculation
took place late in the day in order to ensure sufficiently

The biocontrol agents tested in both experiments were high relative humidity. Inoculation took place 6 days

prepared as followsV. lecaniistrain F88.1 was sup-

after planting in exp. 1 and 38 days after planting in

plied by Verhaar as a fresh liquid suspension and was exp. 2. Inoculation dates were chosen according to the

diluted to 5* 10° spores mt! in 0.3% light white

oil (Sigma).A. quisqualisvas used as the formulated
product AQ10, provided by Ecogen Inc. (Langhorne,
PA, U.S.A.). It was suspended at a rate of 6§ in
0.05% Tween 80 in exp. 1 and in 0.3% light white
oil (Sigma) in exp. 2.S. flocculosavas provided by
Bélanger as a formulation of dry spores. It was sus-
pended in water with 0.02% Aqua Aid (Ken Crowe
Ltd., Montreal, Canada), stirred in a blender and
diluted in 0.3% light white oil (Sigma) to a final con-
centration of ca. I 10° colony forming units (CFU)
ml~1. The oil, Aqua Aid and Tween 80 amendments

expected first natural infection by powdery mildew in
each season.

Experimental design and treatments

Both experiments were carried out in a glasshouse
with ten compartments of 156each, five compart-
ments on each side of a corridor. The first experiment
was planted on June 2, 1994, and the second ex-
periment on January 17, 1995. One half of each
compartmentwas planted with the susceptible cultivar,
the other half with the partially resistant cultivar. Plant
density was 192 plants per compartment in exp. 1 and

were used to enhance survival of the biocontrol agents 240 plants per compartment in exp. 2.

and to improve homogeneous distribution of the spray

solution on the leaves.

Inoculation with powdery mildew

Cucumber plants cv. Jessica were grown in a sepa-

In both experiments, five treatments were applied,
each replicated in two compartments: 1. control treat-
ment; 2. fungicide according to commercial practice
(Table 1); 3.V. lecanii 4. A. quisqualis 5. S. floccu-
losa In exp. 1, the control consisted of two treatments,

rate small glasshouse compartment and infected with each applied to half the plants of each cultivar, i.e.
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Tween 80 (0.05%) as control fgk. quisqualisand calculated for three different leaf layers separately, i.e.
light white oil (Sigma, 0.3%) as control for the other a base leaf (leaf 6 in both experiments), a leaf in the
biocontrol agents. In exp. 2, the control consisted only middle of the canopy (leaf 13 in exp. 1, leaf 10 in exp.
of the o0il (0.3%), since in this experimeft quisqualis 2) and a leaf at the top of the canopy (leaf 20 in exp.
was mixed with paraffin oil instead of Tween 80. All 1, leaf 14 in exp. 2), in order to establish the effect of
treatments except the fungicide treatment were applied the biocontrol agents on different parts of the canopy.
weekly. Spraying dates are shown in Table 1. The Data for whole plants and per leaf layer were averaged
treatments were applied with a 10-1 knapsack sprayer for the sampled plants per plot.
(Gloria 172RT, Gloria - Werke, Wadersich, Germany) The first disease assessment was done before the
at 3 atm. and a rate of 1500 | h&for full-grown first application of the treatments in order to assess
plants. A different sprayer was used for each treat- possible differences between compartments. Disease
ment to prevent cross contamination. Applications was assessed twice per week in the susceptible cultivar
were done during the last 4 h before sunset (evening in and once per week in the partially resistant cultivar.
exp. 1, afternoon in exp. 2) in order to prevent exces-
sive drying of plants after application and subsequent Assessment of silicon in the nutrient solution and in
desiccation of biocontrol agents. the leaves

Each compartment contained two blocks of six On days 52, 83 and 113 after planting in the fungicide
different nutrient solutions, one complete block per treatmentin exp. 2, 10-15 leaves were sampled at dif-
cultivar. In exp. 1, all nutrient solutions were the same ferent levels in the canopy (base, top and side shoots).
and the experiment was designed as a randomizedThe leaves were dried and ground and dry weight was
complete block with two compartments per treatment assessed. Silicon was extracted according to Walinga
as replicates. In exp. 2, silicon in the form of potas- et al. (1989) and measured by atomic absorption at
sium metasilicate was added to three of the six nutrient 251.6 nm in a nitrous oxide-acetylene flame.
tanks as described above. The experiment was set-
up as a split-plot experiment with two randomized Populations of biocontrol agents
blocks with five treatments and three replicates of two In both experimentsl popu|ations of the biocontrol

nutrient solutions per compartment per cultivar. agents were assessed at different times after spray-
ing, on different leaf layers and cultivars to determine
Disease assessment survival on the leaves. Fov. lecanii 12 leaf disks

Powdery mildew infection was assessed on 12 plants per cultivar per replicate were sampled at two heights
per compartment per cultivar. Each nutrient tank sup- in the canopy and incubated at high humidity. Sub-
plied one plot of four rows of five plants per cultivar. sequent growth of the fungus was observed using a
In both experiments, the two middle plants of the six stereo microscope. In exp. 2, germinatiorvofecanii
plots per cultivar were used for disease assessments. Irspores both before and after incubation at high humid-
exp. 2, six of the 12 plants were from plots with extra ity, was assessed microscopically for 100 spores per
silicon and six plants from plots with standard nutri- leaf disk.
ent solution. Infection was assessed as percentage leaf On several sampling dates in exp. 1, leaf disks
area covered with powdery mildew on all the leaves by were examined microscopically for the presencé of
position, with leaf 1 as the first full leaf. A set of drawn quisqualisand parasitization of the powdery mildew.
examples of which the exact percentage infected areaColonization of powdery mildew bj. quisqualisvas
was calculated with a semi-automatic image analyser assessed on whole plants on one sampling date in
(Videoplan, Carl Zeiss B.V., Weesp, The Netherlands) exp. 2 as percentage leaves on which powdery mildew
was used to calibrate assessments. Dead leaves an@as visibly colonized by the hyperparasites in three
other diseases were also recorded. classes: no parasitizatior, 50% of powdery mildew
The average percentage dead and diseased leaparasitized, and 50% parasitized.
area was calculated per plant and added to give the  Population densities for all three biocontrol agents
percentage not-green leaf area. Since severe powderywere assessed by sampling leaf disks at different
mildew infection can result in death of entire leaves, heights in the canopy, washing the samples in ster-
percentage not-green leaf area gives a better estimatdle Tween 80 (0.01%) and dilution plating on PDA
of powdery mildew severity than percentage diseased plates. Plates were counted after incubation at@1
leaf area. The percentage not-green leaf area was alsdor 2—8 days and the population density, expressed as
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split-plot experiment with the treatments as main fac-
tor and Si level in the nutrient solution as factor within
the treatments. AUDPC values and yield data were
subjected to analysis of variance followed by Fisher’s
protected LSD test, at P = 0.05.

50

Percentage inhibition in AUDPC compared to the
control treatment was calculated both for whole plants
and for the three separate leaf layers. Linear regression
analysis was performed on the percentage inhibition in
AUDPC against leaf layer for each biocontrol agent
° - " - " 100 and cultivar combination. Differences in elevations
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Julian day and slopes of the regression lines were analysed ac-
o & Not-green leaf area cording to Snedecor and Cochran (1980) at P=0.05.
o | 2 S B All statistical analyses were done with Genstat (Gen-
. - : fecan . stat 5 Committee, 1992).
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Climatic conditions in the glasshouse

In the summer of 1994 (exp. 1), conditions in the
glasshouse were warm and dry. The 12 h average
temperatures ranged between 19 and@G2nd 12 h
average relative humidity (R.H.) was between 30 and

20

70 80 90 100 110 120 130
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Figure 1. Disease progress of powdery mildew on cucumber in exp.

2 for all treatments without silicon in the nutrient solution for the
susceptible cultivar Ventura (A) and the partially resistant cultivar
Flamingo (B).

80%, resulting in VPD'’s between 0.4 and 3.0 kPa.
In exp. 2 (spring 1995) 12 h average temperatures
ranged between 19 and 26. The 12 h average R.H.

was between 55 and 90%, resulting in VPD’s between
0.2 and 1.5 kPa.

In both experiments, differences between compart-
ments were within 0.8C and 0.1 kPa.

CFU cnT?, was calculated. Samples were taken both
in the compartments where the biocontrol agents were
sprayed and in the control compartments to assess
possible cross-contamination.

Powdery mildew epidemics
Yield Inoculation of leaf 5 resulted in a few powdery mildew
The number, weight and quality of the harvested fruits colonies on this leaf within one week in both culti-
were recorded. Quality was recorded as first or secondvars in exp. 1 and the susceptible cultivar in exp. 2
class, depending on size, colour and shape of the fruitsand within two weeks in the partially resistant cultivar
using the same criteria as the auction. Total weightand in exp. 2. Before the first application of the bio-
number of fruits per plant and the percentage fruits of control agents, no differences were observed among
first class quality were calculated at the end of the ex- treatments in both experiments. In both seasons, the
periments. In exp. 1, yield was assessed for one row of experiments were terminated earlier for the suscep-
12 plants per cultivar per compartment. In exp. 2, yield tible cultivar than for the partially resistant one by
was assessed for 5 plants for each of the six nutrient spraying the susceptible plants in all treatments with
plots for each cultivar in each compartment. a fungicide (imazalil in exp. 1, bupirimate in exp. 2)

when disease became very severe. Since the plants of
Statistical analysis both cultivars were grown in the same compartments,
The Area Under the Disease Progress Curve (AUDPC) the susceptible plants were providing an unnaturally
for percentage not-green leaf area was calculated, bothhigh inoculum level for the partially resistant plants.
for whole plants and for the three different leaf layers. This application of chemical fungicide to all suscep-
Exp. 1 was analysed as a complete block, exp. 2 as atible plants was done on July 13 in exp. 1 and on
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Table 2. AUDPC for powdery mildew, expressed
as percentage not-green leaf area in the susceptible

Table 3. AUDPC for powdery mildew expressed
as percentage not-green leaf area in the partially

cultivar resistant cultivar
Treatment AUDPC' (% - days) Treatment AUDPC' (% - days)
Exp.? Exp.2 Exp.? Exp.?2

-Si +Si - Si + Si
Control Tween 289 * * Control Tween 1206 * *
Control paraffin oil 425 582 468 Control paraffin oil 1517 1688 1572
A. quisqualis 300 582 521 A. quisqualis 1071 1753 1638
V. lecanii 348 545 496 V. lecanii 1072 1618 1481
S. flocculosa 306 477 383 S. flocculosa 787 1226 1204
Fungicide 141 241 184 Fungicide 522 742 685
LSD¢ 114 64 64 LSD¢ 503 221 221

@ AUDPC = Area Under the Disease Progress
Curve.

b The total number of days in the disease assess-
ment period was 27 in exp. 1 and 21 in exp. 2.

¢ LSD = Least Significant Difference at P =0.05.

4 AUDPC = Area Under the Disease Progress
Curve.

b The total number of days in the disease assessment
period was 45 in exp. 1 and 56 in exp. 2.

¢ LSD = Least Significant Difference at P = 0.05.

April 4 in exp. 2, 35 and 39 days after inoculation with
powdery mildew, respectively. tially resistant cultivars, respectively. There was no
interaction with the biocontrol agents, indicating that
The effect of the biocontrol agents and silicon on reduction of powdery mildew by biocontrol and sil-
powdery mildew and other diseases icon act independently and the biocontrol agents are
In general, the development of the epidemic was de- not influenced by the silicon in the leaves.
layed byS. flocculosdn both experiments and by. The percentage inhibition obtained by the treat-
lecaniiin exp. 1. This was especially noticeable in the ments compared to the control is shown for both
partially resistant cultivar. Eventually however, dis- cultivars for 1994 and 1995 without silicon and 1995
ease reached a very high level in all treatments exceptwith silicon in Figure 2. The effect of all three bio-
the fungicide treatment. Disease progress in all treat- control agents was stronger on the partially resistant
ments without silicon in exp. 2 is shown in Figure 1. In  cultivar than on the susceptible cultivar, especially
exp. 1, there was a distinct inhibitory effect of Tween in exp. 1. For most cultivar/treatment combinations,
80 on powdery mildew development in both cultivars the effect without silicon was stronger in 1994 than
compared to paraffin oil. Compared to Tween 80, in 1995. In 1995, silicon increased inhibition for all
quisqualisdid not reduce powdery mildew severity. In  treatments.
exp. 2,A. quisqualignixed with paraffin oil instead of In exp. 1, the inhibition of powdery mildew was
Tween 80, had no effect on powdery mildew in either clearly correlated to the position of the leaves. For
cultivar. V. lecanii and S. flocculosa the percentage inhibi-
The Area Under the Disease Progress Curve (AU- tion in exp. 1 compared to the control is plotted
DPC) for not-green leaf area is given for both exper- against leaf layer in Figure 3A. quisqualisshowed
iments in Tables 2 and 3/ lecaniiandA. quisqualis no control in any of the leaf layers analysed. Better
did not cause a significant reduction in the AUDPC in control was achieved by. lecaniiand S. flocculosa
either experiments compared to the appropriate con-on the lower leaves than on the top leaves. For both

trol. Only S. flocculosaignificantly reduced the AU-
DPC. For the partially resistant cultivar, the AUDPC
in the S. flocculosatreatment was not significantly
different from the fungicide treatment in exp. 1.

The effect of silicon in exp. 2 was significant but

these biocontrol agents, the slopes of the regression
lines were significantly different from horizontal. No
significant differences between slopes of regression
lines occurred among the cultivar- treatment combi-
nations. In exp. 2, onlg. flocculosahowed an effect

not very strong (Figure 2). On average for all treat- on powdery mildew. The inhibition achieved in this
ments, addition of silicon gave 16 and 11% reduction experiment was not significantly influenced by leaf
of powdery mildew for the susceptible and the par- layer, indicating that the climatic conditions in exp.
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Figure 2. Percentage inhibition in the Area Under the Disease Progress Curve (AUDPC) of cucumber powdery mildew compared to the control
treatments in the susceptible cultivars (A) and the partially resistant cultivar (B) in two experiments.

2 were not negatively influencing the performance of 0.12 mM. Differences between tanks with the same
S. flocculos®n the upper leaves. silicon treatment were negligible.

In exp. 1, infection byPythium aphanidermatum The amount of silicon in the leaves of both culti-
occurred early in the experiment. No effect of any vars is shown for different leaf positions and several
of the treatments was observed. In exp.Batrytis sampling dates in Table 4. Silicon levels clearly in-
cinereastem infection began to appear in April. Atthe creased with time, resulting in substantial differences
end of the experiment, the number of dead plants was in silicon content of the leaves betweer %ind Si
not influenced by any of the treatments. plants. There were no differences in silicon uptake

between the two cultivars.
Silicon levels in nutrient solution and leaves
In exp. 2, the amount of silicon in the recirculat- Population dynamics of the biocontrol agents
ing drain solution in the tanks with additional sili- All three biocontrol agents were only found in the
con decreased steadily from 0.80 mM in January to compartments in which they had been apphéd.
0.44 mM in April. In the control tanks, silicon levels lecaniiwas present on more than 90% of the samples
ranged throughout the experiment between 0.09 andup to one week after spraying in both experiments. At
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% Inhibition for AUDPC Table 4. Silicon levels in leaves (mmol/kg dry matter) of cucum-
8 ber plants fed with or without potassium silicate in the fungicide
. treatment in exp. 2
€0 ::“:;;1\__\ » Position Cultivar ~ March 10 April 10 May 5
T — of leaf +Si —Si +Si —Si +Si —Si
Ol el T Base Flamingo 658 148 n.d. nd. nd. nd.
L - Tl Ventura 671 133 nd. nd. nd. nd.
. RELCEP Top Flamingo 425 104 714 170 864 173
. Vires on e Ventura 424 108 705 175 859 199
° Vhssoo ’ ‘ ‘ . . ! Side- Flamingo n.d. nd. 620 151 738 146
° 4 6 8 10 12 14 16 18 20 shoot Ventura nd. nd. 602 164 730 166
Leaf layer

i . ] 4 n.d. = not determined.
Figure 3. Percentage inhibition in the Area Under the Disease Samples of 10-15 leaves were taken per leaf layer in plots with

Progress Curve (AUDPC) of cucumber powdery mildewshyloc- and without silicon amendments to the nutrient solution.
culosaand V. lecanii compared to the control treatments plotted

against leaf layer in exp. 1. V.. ¥erticilium lecanii S.f. =
Sporothrix flocculosaleaf layer 1 is the first full leaf. Equations for
regression lines were (Y = percentage inhibition): Y = 46.4 - .97
leaf layer (F\iz = 0.84) forV. lecaniiin the susceptible cultivar; Y =
72.5 - 2.53* |eaf layer (R = 0.84) forV. lecaniiin the partially

was always higher on leaves with powdery mildew
infection than on disease-free leaves.

resistant cultivar; Y = 61.1 - 1.1 leaf layer (R = 1.00) for S. Yield
flocculosain the susceptible cultivar; Y = 79.6 - 171 leaf layer . . L .
(R? = 0.97) forS. flocculosan the partially resistant cultivar. In exp. 1,P. aphanidermatunmfection interfered with

reliable yield assessments.
In exp. 2, total yields in the susceptible cultivar

were not significantly influenced by any of the biocon-
the end of exp. 1, population densities \6flecanii trol agents or the silicon amen_dment a_lnd range_d from
were up to 4 times higher on leaf disks in the middle 4-8105.5kg plgml. In the partially resistant cultivar,
of the canopy than on the top leaves. The germi- onIthe fung|C|detreatment3|gn|f|cantly|ncrea§ed to-
nation rate ofV. lecanii on sampled leaf disks as @l yields compared to the control. However, in the
assessed in exp. 2 was around 7% on fresh samples an§f€atment withS. flocculosayields were not signifi-
around 38% after incubation under humid conditions cantly different from the fungicide treatment. Silicon

and 20°C for 24 h. Germination was not influenced had no effect on yield. _
by leaf layer, cultivar or silicon treatment. For both cultivars, the percentage of first class

A. quisqualiswvas present on most of the samples q_uality fruit was not ianue_nqed sigr?i.ficantly by the
in exp. 1 and mostly on samples in the middle of the biocontrol agents, the fungicide or silicon and ranged
canopy in exp. 2. Dilution plating showed, that popu- P&tween 74 and 81%.
lation densities in exp. 1 were quite stable up to one
week after spraying. However, in most of the sam-
ples observed microscopically, sporefofjuisqualis Discussion
were found but no parasitism was observed on the
leaf disks. In exp. 2, assessment of the parasitism of To our knowledge, our experiments are the first to
powdery mildew byA. quisqualison all the leaves = compare several biocontrol agents of cucumber pow-
of selected plants showed that on 69% of the leaves, dery mildew in semi-commercial scale experiments.
powdery mildew was not parasitized, on 23% of the Based on the experimental design which prevented
leaves, less than 50% of the powdery mildew colonies cross contamination and the similar conditions in all
and on 8% of the leaves, more than 50% of the pow- compartments of the experiments in terms of nutri-
dery mildew colonies were parasitized. No differences tion, climate and initial disease pressure, we were able

between the two compartments were observed. to obtain an unbiased and reliable assessment of the
S. flocculosawas recovered from all samples. relative efficacy of the biocontrol agents tested.
There was no consistent effect of cultivar, leaf layer In both experimentsi. quisqualisdid not control

or silicon treatment (in exp. 2) on population den- powdery mildew compared to the controis.lecanii
sity. However, the population density 8f flocculosa  gave some control in exp. 1 but not in exp. 2. In both
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experimentsS. flocculosayave the best control of the  colonies, but at the edges the pathogen was growing
biocontrol agents, even to the point where the effect away from the hyperparasites. On the other he&hd,
was not significantly different from the fungicide treat- flocculosais not a hyperparasite, but a fungus which
ment. Some of our results contrast with previous re- excretes antibiotics (Benyagoub et al., 1996; Choud-
ports of efficacy obtained in small-scale experiments. hury et al., 1994; Hajlaoui et al., 1992). The advantage
For example, withA. quisqualislarvis and Slingsby s that the biocontrol agent does not have to be in direct
(1977) and Sztejnberg et al. (1989) obtained approxi- contact with the pathogen, because the molecules will
mately 50% reduction in severity of powdery mildew diffuse over the leaf surface.

and an increase in yield in glasshouse-grown cucum-  Additives are commonly used with biocontrol
ber compared to the control. Verhaar et al. (1996) agents to promote survival and to ensure a homoge-
found thatV. lecaniicould maintain powdery mildew  neous coverage on the plant surface. Glycerol, Tween
on an artificially inoculated cucumber crop below 15% and different kinds of oil have been shown to im-
infected leaf area for 9 weeks on the partially resistant prove the performance of biocontrol agents (Hijwe-
cultivar Flamingo. The AUDPC was not significantly gen, 1992; Philipp and Hellstern, 1986; Philipp et al.,
different from the fungicide treatment in their first 1990; Spencer and Ebben, 1983; Verhaar et al., 1996).
experiment. However, in the replication of the ex- However, these additives may directly affect powdery
periment, V. lecanii showed no effect on powdery mildew (Hijwegen, 1992; Verhaar et al., 1996). In
mildew compared to a control treatment with water. our first experiment, the treatment with only Tween
The discrepancy between results reported in the liter- 80 gave significant control of powdery mildew com-
ature and our results may be attributed in part to the pared to paraffin oil. SincA. quisqualisvas applied
drier conditions that prevailed in our experiments.In together with Tween 80 and gave similar control as
this context,S. flocculosaseemed to be the least af- Tween 80 by itself, the relative control of this treat-
fected by dry conditions, which is in accordance with mentin this experiment was attributable to the additive
findings of Hajlaoui and Bélanger (1991). The climatic only. This is confirmed by the lack of control By.
conditions during daytime in exp. 1 were quite severe quisqualisin the second experiment, in which it was
for the biocontrol agents. Irradiation, temperature and applied in an oil mixture. We have tested the oil that
vapour pressure deficit were very high and this proba- we used for its effect against powdery mildew in sev-
bly caused the leaf layer effect on performance of both eral smaller scale experiments. The results showed,
V. lecaniiandS. flocculosaDuring the more moderate that this oil in all concentrations tested (up to 5%)
conditions in exp. 2 this effect of leaf layer was not did not control powdery mildew in cucumber (Dik and
as clear. Nonetheless, control in the first experiment Bélanger, unpublished results). Bélanger et al. (1994)
was at least as good as in the second experiment. Thisfound thatS. flocculosamixed with 1% paraffin oil
indicates that the biocontrol agents can survive peri- controlled rose powdery mildew slightly better than
ods of unfavourable conditions, provided that these the biocontrol agent alone. They ascribed this result to
periods are alternated with periods of more moderate increased survival of the biocontrol agent rather than
temperatures and higher humidities, as generally occurto a direct effect of the oil on powdery mildew. The use
during the night. The population studies confirm that of additives as controls in our experiments has ensured
all three biocontrol agents survived on the leaves in that we can separate the effect of the biocontrol agents
both experiments. However, activity 8f quisqualis themselves from that of the additives.

andV. lecaniiwas very limited. In both experiments, control was generally better
Apart from a better tolerance to dry conditions, in the partially resistant cultivar than in the suscepti-
the more consistent performance®fflocculos@om- ble cultivar. This integration of cultivar and biocontrol

pared to the two other agents may also be attributed to should therefore be considered in a general man-
the mode of action of the biocontrol agents. Béth agement scheme of powdery mildew. Also, silicon
quisqualisand V. lecanii are hyperparasites (Askary amendments to the nutrient solution provided some
et al., 1997; Sundheim and Tronsmo, 1988; Yarwood, additional reduction in powdery mildew severity. Bio-
1932) and their growth needs to be as fast as that of thecontrol may also be integrated with chemical control.
pathogen in order to give sufficient control. It was our The performance ofA. quisqualiswas much better
distinct impression that the powdery mildew colonies when used in combination with low level fungicide
in our experiments developed faster than the hyperpar- applications (Sundheim, 1982). Far quisqualis the
asites. Parasitism was observed in the centre of thecompatibility with fungicides has been assessed by



422

Philipp etal. (1982, 1984) and Sztejnberg et al. (1989). Acknowledgements
For S. flocculosandV. lecanii, more information on
compatibility with fungicides is needed. In a very sus- Thanks are expressed to A. Gasseling, C. Labbé and
ceptible cultivar, integration with chemical fungicides W. Hoogkamer for technical assistance and to Prof.
may prove to be necessary. J.C. Zadoks for critically reading the manuscript.

In spite of their inefficacy in the experiments re-
ported here, botlA. quisqualisand V. lecanii were
present on the leaves and started to grow immedi- References
ately after placing sampled leaf disks under humid
conditions. This confirms that the humidity conditions Adatia MH and Besford RT (1986) The effects of silicon on cucum-
prevailing in the glasshouses limited their growth. No girsggaglts grown in recirculating nutrient solution. Ann. Bot. 58:
differences occurred in the presence of the biocontrol askary H, Benhamou N and Brodeur J (1997) Ultrastructural and
agents in treatments with different silicon levels, con- cytochemical investigations of the antagonistic effecvetticil-
firming that the silicon and biocontrol agents acted lium lecaniion cucumber powdery mildew. Phytopathology 87:

. . K 359-368
independently. The applied biocontrol agents were Bélanger RR, Labbé C and Jarvis WR (1994) Commercial-scale

only found in the compartments where they were  control of rose powdery mildew with a fungal antagonist. Plant
sprayed, so no cross-contamination occurred between  Dis. 78: 420-424 ]
compartments. It has been suggested that biocontrolBenyagoub M, Willemot C and Bélanger RR (1996) Influence of

. . a subinhibitory dose of antifungal fatty acids frdBporothrix
agents may spread with the powdery mildew spores flocculosaon celllular lipid composition in fungi. Lipids 31:

and therefore results may be difficult to interpret 1077-1082
(Philipp et al., 1984); in our experiments the separate Boekhout T (1995)Pseudozyma bandoriimend. Boekhout, a

i i ; genus for yeast-like anamorphs of Ustiliginales. J. Gen. Appl.
compartments apparently formed a sufficient barrier. Micorbiol. 41 359366

) In general, it can be concluded that of the three Choudhury SR, Traquair JA and Jarvis WR (1994) 4-Methyl-7,11-
biocontrol agents teste&. flocculosahows the best heptadecadienal and 4-methyl-7,11-heptadecadienoic acid: new
potential for efficient biocontrol of cucumber pow- antibiotics fromSporothrix flocculosand Sporothrix rugulosa

. .. A J. Nat. Prod. 57: 700-704
dery mildew under the conditions prevailing in Dutch Elad Y, Malathrakis NE and Dik AJ (1996) Biological control of

gIasshouse;. The experimgnts were run inthe two sea-  oprytisincited diseases and powdery mildews in greenhouse
sons in which powdery mildew is most severe and  crops. Crop Prot. 15: 229-240
under conditions that were similar in all aspects to Genstat 5 Committee (1992) Genstat 5 Release 3 Reference Manual.

. . . Oxford University Press, Oxford, UK. 796 pp
commercial glasshouse conditions. The control in our Hajlaoui MR and Bélanger RR (1991) Comparative effects of

eXperi,mentS was n_Ot sufficient fc_)r comr_nercial grpw- temperature and humidity on the activity of three potential
ers, with the exception of the partially resistant cultivar ~ antagonists of rose powdery mildew. Neth. J. PL. Path. 97:
in exp. 1, but in this respect it must be noted that  203-208

. . . Hajlaoui MR, Benhamou N and Bélanger RR (1992) Cytochemical
our experiments aimed at testing the performance of study of the antagonistic activity &porothrix flocculosan rose

the biocontrol agents under severe infection pressure.  powdery mildewSphaerotheca pannosarrosae Phytopathol-
Artificial inoculation of all plants provided a homoge- ogy 82: 583-589
neous, but at the same time unnaturally high diseaseHashioka Y and Nakai Y (1980) Ultrastructure of pycnidial devel-

. . . opment and mycoparasitism Ampelomyces quisqualigrasitic
pressure quite early in the growing season. The fact Erysiphales Trans. Mycol. Soc. Japan 21: 329-338

that even in this situation significant control occurred Hijwegen T (1992) Biological control of cucumber powdery mildew
allows optimism with respect to the possibilities of with Tilletiopsis minorunder greenhouse conditions. Neth. J. PI.

biocontrol under more moderate infection pressures. _Fath. 98:221-225 )
h . il b ded p'd Jarvis WR (1992) Managing diseases in greenhouse crops. APS
Further experiments will be needed to provide more ~ poss st paul, MN, USA. 288 pp

information on this aspect. Furthermore, integration Jarvis WR and Slingsby K (1977) The control of powdery mildew
with yet other methods, for example induced resis-  of greenhouse cucumber by water sprays @mdpelomyces

; ; quisqualis Plant Dis. Rep. 61: 728-730
tance by means of plant extracts and with chemical Jarvis WR, Shaw LA and Traquair JA (1989) Factors affecting

control will be the topic of future research. antagonism of cucumber powdery mildew Bfephanoascus
flocculosusandS. rugulosusMycol. Res. 92: 162—-165
Menzies JG and Bélanger RR (1996) Recent advances in cultural
management of diseases of greenhouse crops. Can. J. Plant
Pathol.18: 186-193



Menzies JG, Ehret DL, Glass ADM, Helmer T, Koch C and Seyw-
erd F (1991) Effects of soluble silicon on the parasitic fithess of
Sphaerotheca fuliginean Cucumis sativusPhytopathology 81:
84-88

Philipp WD and Criger G (1979). Parasitismus vampelomyces
quisqualis auf echten Mehltaupilzen an Gurken und anderen
Gemusearten. Z. Pflanzenkr. Pflanzenschutz 86: 129-142

Philipp WD, Beuther E and Grossman F (1982) Untersuchungen
Uber den Einfluss von Fungiziden afimpelomyces quisqualis
im Hinblick auf eine integrierte Bekampfung von Gurken-
mehltau unter Glas. Z. Pflanzenkr. Pflanzenschutz 89: 575-581

Philipp WD, Grauer U and Grossman F (1984) Ergédnzende Unter-
suchungen zur biologischen und integrierten Bekdmpfung von
Gurkenmehltau unter Glas durdkmpelomyces quisqualig.
Pflanzenkr. Pflanzenschutz 91: 438-443

Philipp WD and Hellstern A (1986) Biologische Mehltaubekamp-
fung mit Ampelomyces quisqualisbei reduzierter Luft-
feuchtigkeit. Z. Pflanzenkr. Pflanzenschutz 93: 384-391

Philipp WD, Beuther E, Hermann D, Klinkert F, Oberwalder
C, Schmidtke M and Straub B (1990) Zur Formulierung des
MehltauparasiterAmpelomyces quisqualSes.. Z. Pflanzenkr.
Pflanzenschutz 97: 120-132

Snedecor GW and Cochran WG (1980) Statistical Methods. The
lowa State University Press, lowa, U.S.A.

Spencer DM and Ebben MH (1983) Biological control of cucumber

423

Sundheim L (1982) Control of cucumber powdery mildew by
the hyperparasitAmpelomyces quisqualeénd fungicides. Plant
Pathol. 31: 209-214

Sundheim L and Tronsmo A (1988) Hyperparasites in biological
control. In: Mukerji KG and Garg KL (Eds.), Biocontrol of Plant
Diseases. Vol I. CRC Press, Boca Raton, Florida, pp. 53-69

Sztejnberg A, Galper S, Mazar S and Lisker N (1988)pelomyces
quisqualis for biological and integrated control of powdery
mildews in Israel. J. Phytopathol. 124: 285-295

Urquhart EJ, Menzies JG and Punja ZK (1994) Growth and bio-
logical control activity ofTilletiopsis species against powdery
mildew (Sphaerotheca fuligingaon greenhouse cucumber. Phy-
topathology 84: 341-351

Verhaar MA, van Strien PAC and Hijwegen T (1993) Biologi-
cal control of cucumber powdery mildevBhaerotheca fulig-
ineg by Verticillium lecanii and Sporothrix cf. flocculosa
IOBC/WPRS Bulletin 16: 79-81

Verhaar MA, Hijwegen T and Zadoks JC (1996) Glasshouse
experiments on biocontrol of cucumber powdery mildew
(Sphaerotheca fuligingaby the mycoparasitesverticillium
lecanii andSporothrix rugulosaBiol. Control 6: 353-360

Walinga |, van Vark W, Houba VJG and van der Lee JJ (1989)
Plant analysis procedures. Soil and Plant Analysis Syllabi Se-
ries, Wageningen Agricultural University, Wageningen, The
Netherlands, Part 7

powdery mildew. Ann. Rep. Glasshouse Crops Research Institute Yarwood CE (1932)Ampelomyces quisqualisn clover mildew.

1981, Littlehampton, pp. 128-129

Phytopathology 22: 31



