N\
)

Research Article SCI

Received: 31 August 2010 Revised: 16 November 2010 Accepted: 27 November 2010 Published online in Wiley Online Library:

(wileyonlinelibrary.com) DOI 10.1002/ps.2147

Bombus terrestris as pollinator-and-vector
to suppress Botrytis cinerea in greenhouse
strawberry

Veerle Mommaerts,®* Kurt Put® and Guy Smagghe®<*

Abstract

BACKGROUND: Bombus terrestris L. bumblebees are widely used as commercial pollinators, but they might also be of help in the
battle against economically important crop diseases. This alternative control strategy is referred to as pollinator-and-vector
technology. The present study was designed to investigate the capacity of B. terrestris to fulfil this role in greenhouse strawberry
flowers, which were manually inoculated with a major plant pathogen, the grey mould Botrytis cinerea Pers.: Fr. A model
microbiological control agent (MCA) product Prestop-Mix was loaded in a newly developed two-way bumblebee dispenser,
and, in addition, the use of the diluent Maizena-Plus (corn starch) was tested.

RESULTS: Importantly, loading of the MCA caused no adverse effects on bumblebee workers, with no loss of survival or
impairment of flight activity of the workers during the 4 week flowering period. Secondly, vectoring of Prestop-Mix by
bumblebees resulted in a higher crop production, as 71% of the flowers developed into healthy red strawberries at picking
(preharvest yield) as compared with 54% in the controls. In addition, these strawberries were better protected, as 79% of the
picked berries remained free of B. cinerea after a 2 day incubation (post-harvest yield), while this percentage was only 43% in
the control. Overall, the total yield (preharvest x post-harvest) was 2-2.5 times higher than the total yield in the controls (24%)
in plants exposed to bumblebees vectoring Prestop-Mix. Thirdly, the addition of the diluent Maizena-Plus to Prestop-Mix at
1:1 (w/w) resulted in a similar yield to that of Prestop-Mix used alone, and in no negative effects on the bumblebees, flowers
and berries.

CONCLUSIONS: This greenhouse study provides strong evidence that B. terrestris bumblebees can vector a MCA to reduce
B. cinerea incidence in greenhouse strawberries, resulting in higher yields. Similar yields obtained in the treatments with
Prestop-Mix and Prestop-Mix + Maizena-Plus suggest an equally efficient dissemination of the biocontrol agent into the flowers
with only half the initial concentration of Prestop-Mix, which illustrates the importance of the diluent.
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1 INTRODUCTION strategies are now increasing.'® Indeed, multiple research groups
Strawberry [Fragaria x ananassa (Weston) Duchesne ex Rozier  have achieved B. cinerea suppression when using Apis mellifera
(Rosales: Rosaceae)] is a fruit crop grown worldwide, but diseases L. (Hymenoptera: Apidae) and/or Bombus impatiens Cresson

such as the grey mould Botrytis cinerea Pers.: Fr. (Helotiales: Scle-  (Hymenoptera: Apidae) to vector Clonostachys rosea (Link./Fr)
rotiniaceae) frequently limit yield."~> Damage by this pathogen ~ Schoers, Samuels, Seifert & Gams (formerly: Gliocladium roseum

occurs at flowering,® when conidia originating from infested crop Bainier) (Hypocreales: Bionectriaceae) and strains of Trichoderma
debris or dispersed by wind start to infect the petals, stamensand ~ 1arzianum Rifai (Hypocreales: Hypocreaceae).'>'%'? Next to the
pistils and then colonise the fruit."” In the field, disease symptoms

become visible when berries are ripening, and thus disease man-  E  —
agement strategies are needed at flowering. To date, B. cinerea * Correspondence to: Veerle Mommaerts, Department of Biology, Faculty of
management is still reliant on chemical control to a large extent, gfr’;‘jglf/?je’;’;:z’;’;‘:}e;;s;‘zr‘r’gxf‘:”jtgusse’* Belgium.

although the number of reports of resistance development in ’ ' o

fungal pathogens against fungicides is increasing.2-'" The use of Guy Smagghe Department of Crop Protection, Faculty of Bioscience Engineer-
fungicides has also been shown to have an adverse effect on pollen ing, Ghent University, Ghent, Belgium. E-mail: guy.smagghe@ugent.be
germination, which, in turn, results in reduced fruit formation.'?

. . - a Department of Biology, Faculty of Sciences, Free University of Brussels, Brussels,
Biocontrol agents as an alternative to chemical control were first Belgium

applied against post-harvest diseases (for reviews, see Droby
etal.!® and Sharma et al.'*). However, owing to regulatory actions

such as the reduction of registered active ingredients, studies ¢ Department of Crop Protection, Faculty of Bioscience Engineering, Ghent
to control preharvest diseases with environmentally friendly University, Ghent, Belgium

b Biobest NV, Westerlo, Belgium
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successful suppression obtained with these vectors, a recent study
demonstrated the potential of the worldwide used greenhouse
pollinator Bombus terrestris L. (Hymenoptera: Apidae) in laboratory
or semi-field experiments.2°

Within agriculture/horticulture, bumblebees represent an im-
portant group of pollinators next to honey bees and solitary bees.
Indeed, bumblebees have been used since 1987 to pollinate a
variety of greenhouse crops.?’ At present, several species are
commercially available, but the most common and widely used
bumblebee, in global terms, is B. terrestris.2! This pollinator has
also been widely used for the pollination of strawberries.?! The
absence of pollination in strawberry results in a high proportion
of deformed fruit that are of low (zero) economic value.??

The aim of this project was to investigate the capacity of
B. terrestris to vector into strawberry flowers under greenhouse
conditions the commercial biocontrol agent Prestop-Mix, which is
used here as amodel product, using the newly developed two-way
bumblebee dispenser of Mommaerts et al.?® Prestop-Mix contains
the fungus Gliocladium catenulatum Gilman & Abbott J1446 [now
Clonostachys rosea f. catenulata (Gilman & Abbott) Schroers J1446]
(Hypocreales: Bionectriaceae), a control agent for various diseases
of the rhizosphere and phyllosphere.?>=2% Here, the efficiencies
of transport/dissemination into the flowers and the subsequent
biocontrol of B. cinerea were evaluated by scoring the numbers
of healthy red strawberry fruits before/at harvest (representing
preharvest yield) and also after incubation for 2 days at optimal
conditions for B. cinerea growth (representing post-harvest yield).
The efficacy of the pollinator-and-vector system was evaluated
through examination of the total yield to produce a high number
of healthy, non-infected red fruits (preharvest x post-harvest).
In addition, based on previous results demonstrating 80% loss
of the product owing to bumblebee flight,?° the effect of the
use of a diluent, corn starch Maizena-Plus, on the biocontrol
capacity of the vectoring of Prestop-Mix with bumblebees was
determined.

2 MATERIAL AND METHODS

2.1 Bumblebee hives and strawberry plants

Bombus terrestris bumblebee hives obtained from a mass rearing
programme at Biobest NV (Westerlo, Belgium) were used for the
greenhouse experiment. Each hive contained a queen, her brood
and a minimum of 75 workers.

Strawberry plants of FragariavescaL.var. ostara (Rosales: Rosaceae)
were used as a model greenhouse crop. The young plants
were purchased from Schoubs IVO NVBA (Tongeren, Belgium)
and grown in soil containing black: white peat (7:3; Peltracom,
Belgium) in 20 cm diameter pots. For this experiment, a total
of 500 strawberry plants were used. Before the start of the
experiment, the plants were kept in a greenhouse compartment
that was separated from the treatments until the appearance
of flower buds. Thereafter, the plants were transferred to their
meshed tent compartment where the different treatments were
performed. In the greenhouse, the climatic conditions were
controlled by aPrivaCD750 climate control unitsetat 18-25 °Cand
82-83% relative humidity. The plants were manually watered on
a weekly basis and fertilised with Osmocote-Exact Standard High
K containing an extra-high potassium level (Scotts International
BV, The Netherlands), at 2 mL of granules per plant once before
the start of the experiment.

2.2 Prestop-Mix, Maizena-Plus and Botrytis spore suspension
The biofungicide Prestop-Mix, based on G. catenulatum 11446
(now C. rosea f. catenulata J1446) [powder formulation containing
107-10° colony-forming units (CFU) g~! and developed to be
delivered by pollinators; Verdera Oy, Espoo, Finland], was used
in this study as a model product for vectoring by bumblebees to
suppress the plant pathogen B. cinerea. The product was stored
in accordance with the manufacturer’s guidelines. Before use, the
numbers of CFU of C. rosea f. catenulata 11446 were determined
through plating out on potato dextrose agar (PDA) medium, and
scored as 4.5 + 0.1 x 107 CFU g~ product.

In addition to Prestop-Mix alone as the product to be vectored, a
mixture of Prestop-Mix combined with Maizena-Plus (corn starch)
at 1+ 1 (w/w) was also prepared. Maizena-Plus consisted of
corn starch with 2% protein and was purchased as a food-grade
powder product in Delhaize (Belgium). The powder products were
put at 0.11 g cm~2 in the newly developed two-way dispenser of
Mommaerts et al.?°

To produce the inoculum of B. cinerea for flower infection, petri
dishes of three-week-old fully grown B. cinerea strain B05.10 from
tomato (as obtained via Dr Rudy Aerts, Katholieke Hogeschool
Kempen, Belgium) were used. The spores from the petri dishes
were suspended in 10 mL of sterile water and collected in a 50 mL
sterile falcon tube in a laminar flow unit. The resulting suspension
was centrifuged for 15 min. Subsequently, the wash water was
discarded, and a further 10 mL of sterile water was added under
laminar flow. This process was repeated 3 times. Following this,
the concentration (spores mL~") was determined using a Biirker
count chamber, and the concentration was adjusted to obtain
a final concentration of 10° spores mL~". The suspension of B.
cinerea spores was stored at 10 °C until use, which was within
3 days after preparation.

2.3 Dispenser

This study used the newly developed two-way dispenser for
bumblebees as described by Mommaerts et al.,?° except for one
small modification where the front, non-transparent, grey plastic
plate was replaced with a transparent plexiglass plate because the
greenhouse experiments were done during the low-light-intensity
winter period of November-December 2009.

2.4 Experimental design for the different treatments

in the greenhouse

The experiment was conducted in a greenhouse compartment of
24 x 63 x 3.75 m containing four fine-meshed tents (width 6 m,
length 15 m, height 2 m) in Westerlo (Belgium). In each tent, a total
of 100 strawberry plants were placed when flower buds appeared.
Temperature and relative humidity were measured continuously
during the 8 week experimental period (W1-8) using data loggers.
Data loggers were distributed among the plants (two data loggers
were placed at the level of the plants in each plot).

In each plot, 100 strawberry plants were arranged in two rows
with a distance of 5 cm between the rows and 5 cm in the row.
Then, each week (W1-4) buds that opened in the same week
were labelled with strips of the same colour, and for each week
another colour was used. Each of the four tents was subjected
to a different treatment: T1: ‘control’ = manual infection with B.
cinerea and no pollination by bumblebees; T2: ‘Maizena-Plus’ =
manual infection with B. cinerea and dissemination of Maizena-
Plus by bumblebees via a dispenser; T3: ‘Prestop-Mix’ = manual
infection with B. cinerea and dissemination of Prestop-Mix by
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bumblebees via a dispenser; T4: ‘Prestop-Mix + Maizena-Plus’' =
manual infection with B. cinerea and dissemination of mixture of
Prestop-Mix and Maizena-Plus (1 + 1, w/w) by bumblebees via a
dispenser.

2.5 Releaseofbumblebeeworkersasvectorsandinoculation
of Botrytis cinerea

Following labelling, the plants were exposed to visitation by
bumblebees on a daily basis to facilitate pollination and the
vectoring of the microbiological control agent (MCA). The
inoculation of Botrytis spores into the flowers was similarly
conducted on a daily basis.

On day 1, at 9 a.m., the new dispensers were filled with
0.11 gcm~2 of powder in T2, T3 and T4. The hives were then
opened and flower visitation was allowed for 90 min. Thereafter,
all strawberry plants were covered with a mesh as described by
Shafir et al.'® to prevent further pollination. Then, B. terrestris hives
were provided with artificial pollen grains (Soc. Coop. Apihurdes,
Pinofranqueado-Céceres, Spain) and sugar water placed at a
distance of 2 m from the hives. Before darkness, i.e. at 5 p.m., the
exit holes of each dispenser were closed, whereas the entrance
hole was left open to guarantee that all foraging bumblebees
returned to their hive.

On the second day, at 9 a.m,, the plants were uncovered and the
dispensers were opened to allow the bumblebee workers to visit
the flowers for a period of 90 min. Subsequently, all plants were
covered. In the evening, i.e. at 5 p.m., all dispenser exit holes were
closed, as was described for day 1. Then, the labelled open flowers
in all plots were manually inoculated with 10 uL of the prepared
Botrytis spore suspension, representing 103 spores flower™', with
the use of a micropipette. After the inoculation, all plants were
again covered for the night with plastic foil to maintain a high
relative humidity and thus increase spore germination success for
the pathogen (Aerts R, private communication).

On day 3, at 9 a.m., the foil was removed from the inoculated
plants and the dispensers were opened so that the bumblebee
workers could forage on the flowers over a 90 min period. All
plants were then covered again.

This process was performed during week 1, and repeated in
weeks 2, 3 and 4 of the flowering period. To guarantee successful
vectoring of the MCA, the dispensers in T2, T3 and T4 were refilled
every 3 days with 0.11 g cm™2 of freshly prepared product.

At the end of the 4 week flowering period, the number of
labelled flowers that had been visited by bumblebees was set at
200 for each treatment, and their development into strawberry
fruits was followed. This number of 200 flowers per treatment is
considered sufficient to obtain a reliable evaluation of the efficacy
of biocontrol of Botrytis, based on Yu and Sutton.” In the case of
T4, however, it was only possible to score a total of 187 labelled
flowers for fruit development in W5-8. In normal conditions, the
flowers that were visited by bumblebees in weeks 1, 2, 3 and
4 should result in red strawberry fruits in weeks 5, 6, 7 and 8
respectively.

2.6 Foraging activity of Bombus terrestris before and during
the greenhouse experiment

Three days before the start of the greenhouse experiment, a new
dispenser was fitted in a B. terrestris hive containing a queen,
her brood and a minimum of 75 workers. The experiment was
done with five independent hives. Then, the flight activity was
determined for each hive by counting the numbers of bumblebee

workers (foragers) flying in and out over a 30 min period each day
at 9 a.m. Three out of the five hives were then selected at random,
and all three showed no significant (P > 0.05) differences in flight
activity. One hive was introduced into each tent at the start of the
opening of the first flower buds (start of week 1): for T2 this was
hive 3 initially, but this was replaced in week 2 with hive 4; for
T3 this was hive 1; for T4 this was hive 2. During the greenhouse
experiment, the foraging intensity of the bumblebee workers for
the different hives was evaluated on a weekly basis over the course
of the flowering period (W1-4). The numbers of bumblebees that
were flying in and out were recorded every 10 min over the course
of 90 min. In addition, the numbers of dead bumblebee workers
present in each tent were recorded on a weekly basis. At the end
of the flowering period, i.e. after week 4, all hives were removed.

All statistical analyses were performed using SPSS v.16.0. For all
data, normality was confirmed with Kolmogorov-Smirnov tests
(P = 0.05). The foraging activity before the start of the greenhouse
experiments for vectoring was analysed by one-way ANOVA
followed by a post hoc Tukey—-Kramer test (« = 0.05). To compare
the foraging activity of the hives in the different treatments during
the greenhouse experiment, two-way ANOVA was performed with
‘treatment’and ‘time’as fixed factors. Factors and interactions were
removed from the model when not significant (P > 0.05). Then,
means were separated with a paired t-test and corrected with a
Bonferroni correction (P = 0.008).

2.7 Effect of inoculation manipulation on Botrytis cinerea
growth in the flowers

In parallel with treatments T1-4, a series of plants was kept
in a separate area of the greenhouse. Then, at the moment of
manual flower inoculation with the Botrytis spore suspension in
the treatments in week 1, the flowers of these separated plants
were simultaneously inoculated with 10 uL of sterile water. Ten
flowers randomly selected and collected on day 3 were treated. In
T1, the flowers were inoculated with 10 pL of the spore suspension
atday 2, and there was no use of bumblebees (as described above).
From this plot, again ten flowers were selected at random on day
3 for further evaluation.

The ten flowers collected on day 3, either in the tent of T1 or
from the separate plants, were incubated at 10 °C for 24 h. Five
flowers were then examined under a stereoscopic microscope
for presence of B. cinerea mycelium, and the other five flowers
were individually rinsed to determine the number of CFU of B.
cinerea present per flower. Each sample was gently shaken on a
rotary shaker in 15 mL of physiological solution for 60 min. Then,
a tenfold serial dilution was made of the aqueous solution and
100 puL was placed on PDA medium. This was repeated twice. For B.
cinerea, the numbers of CFU were scored after 3 days of incubation
at22°C.

Comparison of mycelium growth and the numbers of CFU
of Botrytis in the flowers of the plants of T1 and those
that were separately treated with water allowed evaluation of
the impact of the manipulation of inoculation on the flower
performance/development, and the impact of this, in turn, on the
growth of B. cinerea and the natural presence of Botrytis in the
greenhouse.

2.8 Efficacy of vectoring to suppress Botrytis cinerea:

pre- and post-harvest and total yields

To determine the efficacy of the treatment, the numbers of
labelled flowers (W1-4) were compared with the numbers of
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fruits obtained (W5-8), as, under normal conditions, the flowers
visited by bumblebees in weeks 1, 2, 3 and 4 will result in red
strawberry fruits in weeks 5, 6, 7 and 8 respectively.

The preharvest yield (%) was calculated as a percentage of the
numbers of healthy red strawberry fruits directly after collection
(W5-8) based on the total number of healthy flowers labelled
(W1-4). During the flowering period (W1-4), the numbers of
flowers that stayed healthy (score = 0) or had died (score =
1) were recorded twice per week and compared with the total
numbers of labelled flowers. Similarly, during weeks 5 to 8, the
number of healthy red fruits was scored and distinguished from
infected ones which showed the presence of the typical grey
mycelium of B. cinerea. This was done using a binary scoring
system: 0 = not infected, 1 = infected.

In addition to the preharvest yield percentage, the fresh weight
of the healthy red strawberries directly after collection was also
determined. All healthy strawberry fruits collected at weeks 5,
6, 7 and 8 (see above) for the four different treatments were
individually weighed. Statistical analysis by Kolmogorov-Smirnov
(P = 0.05) confirmed that all data were normally distributed. Then,
the effect on fresh strawberry fruit weight per sampling week and
per plot was determined by one-way ANOVA followed by a post
hoc Tukey test (@ = 0.05).

The post-harvest yield (%) was calculated as a percentage of
the numbers of healthy fruits after incubation based on the total
numbers of fruits incubated. Immediately after harvesting, all
healthy red strawberry fruits were placed individually in closed
plastic pots with moist filter paper on the bottom.?” Then, following
2 days of incubation at 22°C in a 16: 8 h light : dark photoperiod,
fruits were again individually scored by visual inspection for the
presence of B. cinerea mycelium with the use of a binary system: 0
= not infected, 1 = infected.

At the end of the greenhouse experiment, the total yield was
calculated to indicate the numbers of healthy red strawberry fruits
that were obtained by healthy flowers in the different treatments
(preharvest evaluation) and that were free from Botrytis inside
the fruit (post-harvest evaluation). This percentage of total yield,
including the pre- and post-harvest yields, was given as follows:

% total yield = % preharvest yield x % post-harvest yield

For the total yield, the effect of treatment was analysed by
one-way ANOVA followed by a post hoc Duncan test (@ = 0.05).

3 RESULTS

3.1 Temperature and RH during the greenhouse experiment
During the period of the greenhouse experiment, the mean
temperature in weeks 1, 2, 3 and 4 of the flowering period
ranged between 18.5 and 20.6 °C (Fig. 1). For the strawberry fruit
sampling period, the temperature was lower at 16.7-18.2°C.
The lower temperatures during the fruit sampling period can be
explained by this period falling between mid-November and the
end of December 2009, and this winter period was characterised by
freezing outdoor temperatures. In parallel, the relative humidity at
the level of the plants during the flowering period ranged between
87 and 97%, while it ranged between 65 and 83% during the fruit
sampling period.

3.2 Foraging activity of Bombus terrestris before and during
the greenhouse experiment

Before the start of the greenhouse experiment, the mean foraging
activities (i.e. the numbers of workers flying in and out in 30 min) of

Flowering Fruit sampling

Temperature
(£ 8D) (°C)
-}

RH
(£ 8D) (%)

wi w2 wa v WS we w7 w8
Time (week)
Figure 1. Overview of the temperature and relative humidity (RH) during

the greenhouse trial with 4 weeks of flowering (W1-4) and 4 weeks of fruit
sampling (W5-8).
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Figure 2. Foraging activity of bumblebee workers in the different
treatments (T2-4) during the flowering period (W1-W4). The $ symbol
indicates the replacement of hive 3 with hive 4 in week 4. Two-way ANOVA
showed a significant effect of the factor ‘time’. Values followed by a
different letter (a to c) were significantly different (paired t-test; P = 0.008).

thefive B.terrestris hives were 13.0+2.1 for hive 1,19.0+2.7 for hive
2,19.3 4 2.7 for hive 3,25.3 &= 5.4 for hive 4and 11.0 &= 2.3 for hive
5. Statistical analysis confirmed a homogeneous foraging activity
(¢ = 0.131) in the five hives. For the greenhouse experiment,
hives 1, 2 and 3 were selected at random for further use. However,
in T2, hive 3 was replaced with hive 4 at the second week of the
greenhouse experiment because all workers died at the end of the
first week of vectoring.

The foraging activities of hive 1 (T3), hive 2 (T4) and hive 3
(T2) during the 4 weeks of the greenhouse experiment are given
in Fig. 2, indicating that the temperature registered (Fig. 1) did
not negatively affect the foraging behaviour of the bumblebees.
Two-way ANOVA showed no significant (P = 0.167) interaction
between the factors ‘treatment’ and ‘time’, and no significant
(P = 0.234) effect of the factor ‘treatment’, whereas the factor
‘time’ resulted in a significant (P = 0.001) effect on the foraging
activity. One week after the start of the greenhouse experiment,
the foraging activities were 22.0 + 3.5 for hive 1, 23.7 4+ 1.5 for
hive 2 and 26.7 + 2.9 for hive 3. For week 2 the foraging activity
in all treatments was also equal, showing no influence of the
treatment. Moreover, the foraging activities for all nests in week 2
were not significantly different when compared with weeks 1 and
4 (paired t-test; P = 0.644 and P = 0.698 respectively). However,
it should be remarked that for T2 no data were collected at week
2 because of the replacement of hive 3 with hive 4. In week 3,
for all treatments the foraging activities were equal among the
different treatments but were lower when compared with the
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Table 1.

Overview of the pre- and post-harvest yield percentages and total efficacy of vectoring to suppress Botrytis cinerea. For each treatment
(T1-4) and per week, the number of healthy flowers, the number of healthy red fruits at pre- and post-incubation, the mean fresh weight of the
produced healthy red fruits and the percentage of yields are given. Per treatment, the mean (& SD) of the 4 weeks is given in the bottom row

Number of
Number of Number of healthy % yield Mean fresh weight healthy fruits % yield % total yield (pre-
Treatment healthy flowers red fruits (preharvest) of fruits (g)® afterincubation  (post-harvest) and post-harvest)?
1 W1:77 WS5: 20 26 W5:4.3a 7 35 9
W2:22 Weé: 16 73 W6:4.1 a 7 44 32
W3: 44 W7:22 50 W7:3.0a 7 32 16
W4: 44 W8:30 68 W8:0.6 a 18 60 41
Mean (£ SD) 54(£21) 43(£13) 24 (£14)a
2 W1:87 WS5: 36 41 W5:5.7 b 14 39 16
W2: 54 We6: 25 45 W6:4.3 a 15 60 27
W3:26 W7:14 54 W7:3.4a 6 43 23
W4: 26 W8: 16 62 W8:1.8b 9 56 35
Mean (£ SD) 51(49) 50(+10) 25(+8) a
3 W1:65 WS5: 45 69 WS5:4.7 ab 36 80 55
W2: 44 We6: 22 50 W6:4.1 a 15 68 34
W3:22 W7:20 91 W7:3.0a 10 50 46
W4:13 W8: 10 77 W8:0.8a 7 70 54
Mean (£ SD) 72(£17) 67(+13) 47(+£10) b
4 W1:52 WS5: 34 65 W5: 4.8 ab 23 68 44
W2:30 Weé: 19 63 W6:3.0a 19 100 63
W3:10 W7:8 80 W7:20a 5 63 50
W4:17 W8: 13 77 W8:0.8a 11 85 65
Mean (£ SD) 71(£9) 79(£17) 56(£10) b

@ Analyses with one-way ANOVA resulted for W5 in two groups (F = 2.273; df = 131; P = 0.083), for W6 in one group (F = 1.881; df = 69; P = 0.141),
for W7 in one group (F = 2.213; df = 81; P = 0.093) and for W8 in two groups (F = 5.141; df = 55; P = 0.003). The values per treatment of the same
week followed by a different letter (a or b) are significantly different after a post hoc Tukey test with « = 0.05.

b Analyses with one-way ANOVA resulted for the percentage total yield in two groups (F = 8.291; df = 15; P = 0.003). The values per treatment
followed by a different letter (a or b) are significantly different after a post hoc Duncan test with « = 0.05.

activities obtained in weeks 1, 2 and 4 (paired t-test; P < 0.008).
For week 4, again all treatments had equal foraging activities, but
the activities were significantly lower than in week 1 (paired t-test;
P =0.001).

The worker mortalities (i.e. the numbers of dead workers found
outside the hive) were similar in T2, T3 and T4. However, for week
1 no data were collected for T2 (Maizena-Plus) owing to a total
loss of workers (100% mortality) observed at the end of that week
(which cannot be explained). The numbers of dead workers scored
during weeks 2 to 4 were 20, 19 and 23 in treatments T2, T3
and T4 respectively. Thus, T3 (Prestop-Mix) and T4 (Prestop-Mix +
Maizena-Plus) resulted in 0—15% worker mortality compared with
T2 (Maizena-Plus alone).

3.3 Effect of inoculation manipulation on Botrytis cinerea
growth in the flowers

Examination of the flowers 24 h after pathogen inoculation
showed that B. cinerea was able to germinate, and the presence
of mycelium confirmed growth of the pathogen. In contrast,
no mycelium was present in the control flowers inoculated
with water. The mean numbers of CFU per flower (+ SD) for
B. cinerea were 546 4+ 121 in week 1, 743 £ 131 in week 2,
721 £ 50 in week 3 and 720 + 131 CFU in week 4. In contrast,
for the water control, no CFU were present in the flowers, and
this was the case in all samples at the end of the 4 weeks
(W1-W4).

3.4 Effect of the release of bumblebee workers as vectors
and inoculation of Botrytis cinerea

InT1and T2 the loss of flowers was low at 5.5 and 3.5% respectively.
This showed that manual inoculation of the pathogen B. cinerea,
bumblebee visiting and Maizena-Plus did not result in high losses
of flowers. In contrast, in T3 and T4 a higher percentage of loss of
flowers, at 28 and 40% respectively, was scored over the 4 weeks
of flowering (W1-4). Here, the loss was due to overpollination
caused by the bee-to-flower ratio being too high. This resulted
in B. terrestris workers biting into the flowers during the 90 min
foraging period, as was seen in T3 and T4.

3.5 Efficacy of vectoring to suppress Botrytis cinerea:

pre- and post-harvest and total yields

For the preharvest suppression of B. cinerea, Table 1 demonstrates
that the number of flowers resulting in healthy fruits was highest
for T3 and T4. The preharvest yield ranged between 50 and 91%
and between 63 and 80%, corresponding to a mean preharvest
yield of 72 + 17% and 71 &+ 9% respectively. In contrast, for T1 and
T2, the protection of the flowers was lower, resulting in a lower
yield of 26-73% and 41-62% or a mean respective preharvest
yield of 54 +21% and 51 &+ 9%.

When all healthy (non-infected) red strawberry fruits, as
collected at picking, were weighed, it was clear that, over the
different weeks, the fresh weights were equal for the different
treatments (Table 1). There was only one exception for T2 in week

Pest Manag Sci (2011)

(© 2011 Society of Chemical Industry

wileyonlinelibrary.com/journal/ps




@)
SCIi

WWW.50Ci.org

V Mommaerts, K Put, G Smagghe

8; however, it should be remarked here that at week 8 the fruits in
all treatments had a tendency to be smaller.

For the post-harvest suppression of B. cinerea, a similar trend
was observed. As shown in Table 1, for T3 and T4 a high number
of healthy red fruits, as collected at picking, developed no disease
symptoms after incubation, while the opposite was observed for
T1 and T2. Consequently, the mean post-harvest yield was higher
for T3 and T4 at 67 & 13% and 79 + 17%, respectively, as against
43 + 13% and 50 £ 10% for T1 and T2 respectively.

Finally, when considering the total yield (preharvest yield x
post-harvest yield), vectoring Prestop-Mix + Maizena-Plus (T4)
resulted in the highest yield of 56 £ 10%; this was 47 + 10%
for Prestop-Mix alone (T3). Meantime, the total yield percentages
were significantly lower (P < 0.05) at only 24 + 14% and 25 + 8%
for T1 and T2 respectively.

4 DISCUSSION

A prerequisite for the use of pollinators as MCA vectors is that the
product(s) in the dispenser pose no negative lethal or sublethal
effects towards the pollinator, in the present case bumblebee
workers. In the present greenhouse experiment it was confirmed
that there were no adverse lethal effects on worker survival and no
sublethal effects on the foraging activity with the use of Prestop-
Mix and Maizena-Plus (T3 and T4). These results are in agreement
with a previous study by Kovach etal.,'? who did not report any
negative effects on bee health after vectoring T. harzianum.

This greenhouse study investigated the capacity of B. terrestris
to suppress the pathogen B. cinerea in greenhouse strawberry
flowers at a high pathogen pressure. The conditions of the present
greenhouse experiment were expected to be very favourable for
B. cinerea infection, as 18.5-20.6 °C and 88-97% relative humidity
were measured during the flowering period and 16.7-18.2°C
and 66-83% relative humidity during the fruit sampling period.
Indeed, Wilcox and Seem?® and Cota et al.” reported that B. cinerea
infection is favoured at moderate temperatures of 15-25°C and
high relative humidities. Secondly, the pathogen B. cinerea was
inoculated directly into the open strawberry flowers, and hyphal
growth of B. cinerea on the anthers and the petals was observed
within 24 h of inoculation. Indeed, it has been reported that
flowers, and particularly open flowers, are the most susceptible
planttissues,52° Botrytis cinerea can easily colonise flower anthers3°
and in strawberry the petals and stamens also play a dominant
role in the infection by B. cinerea.?’’” Under these conditions,
this greenhouse study confirmed the usefulness of B. terrestris
bumblebees as vectors of a commercially available model MCA
(Prestop-Mix) to protect strawberry flowers against the major
plant pathogen B. cinerea to give significantly higher preharvest
and post-harvest yield percentages of healthy strawberry fruits.
Specifically, for the treatments T3 and T4, a better mean preharvest
yield of 71-72% was scored, as opposed to 54% for T1 and
51% for T2. Similarly, the strawberry fruits were better protected,
as the post-harvest yields were also higher in T3 and T4. The
present results therefore provide strong evidence that B. terrestris
bumblebees distributed satisfactory levels of MCA into the flowers
for the suppression of B. cinerea. Similarly, bumblebees have been
demonstrated to vector C. rosea in tomato and sweet pepper
flowers, resulting in the successful suppression of B. cinerea
(57-59%)." Also, Kovach etal.'? reported a reduction in the
number of infected strawberries with bumblebees and honey bees
vectoring T. harzianum that was equally efficient as the spraying
of chemical (standard) fungicides such as vinclozolin (Ronilan 4F;

BASF Corp.), captan (Captan 50WP; Micro FLo), benomyl (Benlate
50WP; Dupont) and iprodione (Rovral 4F; Rhone Poulenc AG Co.).
For honey bees in an open field situation, it is to be noted that
the vectoring of Trichoderma T39 against B. cinerea can reduce the
number of symptomatic strawberry fruits at harvest, although this
was only the case when the disease pressure was considered not
to be high, with the number of infected strawberry fruits in the
control plots being <65.'®

Next to the crop production yield when expressed as a
percentage of fruits produced per number of flower, it is to be
noted that there were no adverse effects on the mean strawberry
weights in the present greenhouse experiments. Similarly, Kovach
etal'? used bumblebees (B. impatiens) and honey bees (A.
mellifera) for the vectoring of T. harzianum 1295-25 into strawberry
flowers without adverse effects on the weight of the strawberry
fruits. However, it should be remarked that, in some cases, such
as the T3 and T4 treatments, overpollination was observed. As
a consequence, this resulted in the presence of bite marks on
flowers, and, in turn, this was responsible for the high flower loss
observed in both treatments. Similarly, Velthuis and van Doorn?’
reported damaged flower tissues after flower overvisitation by B.
terrestris, which eventually led to flower loss and malformed fruits.
Therefore, it is recommended that future vectoring experiments
be performed in larger greenhouses, preferentially of 1 ha, as the
experimental set-up in greenhouse compartments in this study
was responsible for the generation of inappropriate ratios of bees
to flowers.

In this study it was possible efficiently to suppress B. cinerea
when flowers were first exposed to the MCA and 24 h later to
the pathogen. Similarly, different authors'’3-33 have also re-
ported high efficiencies when other MCAs, such as C. rosea, Bacillus
licheniformis (Weigman) Chester N1 (Bacillales: Bacillaceae), Ulo-
cladium atrum Preuss (Pleosporales: Pleosporaceae), T. harzianum
T22 and Trichoderma atroviride P. Karsten LC52 (Hypocreales:
Hypocreaceae), were present prior to the pathogen B. cinerea. It is
noteworthy that, in many cases, the mechanism of biocontrol re-
mains unknown. However, Chatterton and Punja® demonstrated
that, in the case of root diseases, control by C. rosea f. catenu-
lata was mediated by the production of glucanases, and that this
process was regulated by the environmental pH. Interestingly,
different antagonism mechanisms have been reported for diverse
MCAs, such as the production of antibiotics and toxic metabolites,
competition for nutrients and space and mycoparasitism.34 There-
fore, the present authors envisage that, next to the preventive
capacity, which until now has been the only focus of vectoring
studies, it might be of interest also to evaluate the curative poten-
tials. In the latter case, it can be envisaged that future work could
investigate combinations of MCAs or a combination of a MCA with
a fungicide. Hence, it is realistic to suggest that other pathogens,
such as powdery mildews, may be targeted, because previous
assays have demonstrated the presence of Beauveria bassiana
(Balsamo) Vuillemin (Hypocreales: Crodycipitaceae) strain GHA on
the surfaces of tomato and sweet pepper leaves after vectoring
with bees.'93>

Although many plant protection products (PPPs) are useful
in pollinator-and-vector strategies, often their formulation is not
specifically developed for dissemination by pollinators, and thus
optimisation by adding a diluent to the formulationis likely in order
to enhance adhesiveness on the vector body and reduce powder
loss during flight.In the present study it was interesting that the use
of the food-grade diluent powder Maizena-Plus, containing corn
starch, resulted in the same yields but with only half the amount of
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MCA. As a consequence, the authors envisage that future studies
will be useful to optimise available formulations of PPPs in the
context of pollinator-and-vector technology. For example, in order
furthertoimprove both transport and deposition of the product by
the vector (bee), other diluents as well as combinations of potential
diluents may be investigated. Similarly, the relation between
diluent and vector used might be of interest, as three different
pollinators (i.e. honey bees, bumblebees and mason bees), each
with different characteristics, can be used as vectors. Finally, before
the commercial implementation of this type of control strategy
can be recommended to growers, it is advisable to perform
demonstration studies in larger greenhouses, as satisfactory yield
levels must be guaranteed.
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