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with entomopathogenic fungi
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The Japanese beetle, Popillia japonica, is an invasive scarab and listed as
quarantine organism in many countries worldwide. Native to Japan, it has
invaded North America, the Azores, and recently mainland Europe. Adults are
gregarious and cause agricultural and horticultural losses by feeding on leaves,
fruits, and flowers of a wide range of crops and ornamental plants. Larvae feed
belowground and damage grassland. To date, no efficient and environmentally
friendly control measure is available. Larval populations of other scarab species
such as Phyllopertha horticola and Melolontha melolontha are controlled by
applying spores of the entomopathogenic fungi Metarhizium brunneum and
Beauveria brongniartii to larval habitats. Here, we tested this control strategy
against Japanese beetle larvae in grasslands, as well as spore spray applications
against adults in crops. Using both, large-scale field experiments and inoculation
experiments in the laboratory, we assess the efficacy of registered fungal strains
against Japanese beetle larvae and adults. Metarhizium brunneum BIPESCO 5
established and persisted in the soil of larval habitats and on the leaves of adult’s
host plants after application. However, neither larval nor adult population sizes
were reduced at the study sites. Laboratory experiments showed that larvae are
not susceptible to M. brunneum ART 212, M. brunneum BIPESCO 5, and B.
brongniartii BIPESCO 2. In contrast, adults were highly susceptible to all three
strains. When blastospores were directly injected into the hemolymph, both
adults and larvae showed elevated mortality rates, which suggests that the cuticle
plays an important role in determining the difference in susceptibility of the two
life stages. In conclusion, we do not see potential in adapting the state-of-the-art
control strategy against native scarabs to Japanese beetle larvae. However,
adults are susceptible to the tested entomopathogenic fungi in laboratory
settings and BIPESCO 5 conidiospores survived for more than three weeks in
the field despite UV-radiation and elevated temperatures. Hence, control of
adults using fungi of the genera Beauveria or Metarhizium is more promising than
larval control. Further research on efficient application methods and more
virulent and locally adapted fungal strains will help to increase efficacy of
fungal treatments for the control of P. japonica.
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1 Introduction

The Japanese beetle (Popillia japonica) is one of the most
important invasive insects threatening the agricultural and
horticultural sectors in its invasive range, and is listed as a
priority quarantine pest in the European Union (1) and other
countries (2, 3). It was accidentally introduced to the USA in the
beginning of the 20" century (4) and spread from New Jersey to the
west coast, up to Canada, and to the south of the USA (5). Since
2014, the Japanese beetle is present on mainland Europe (6), where
it has spread from northern Italy (Piedmont and Lombardy) into
southern Switzerland (Ticino), expanding its range each year. Both
countries have designated infested zones where phytosanitary
measures are in place to limit its spread (7-9).

Unlike many other insect pests, Japanese beetle cause significant
damage as both larvae and adults. Larvae are white grubs that feed
preferentially on grass roots (4), causing damage to grasslands,
football fields, golf courses and other areas with turf (10-12). After
emerging in early summer, adults move from the larval habitats to
feed on their host plants, where they live for four to six weeks. They
are gregarious and polyphagous, feeding on leaves, flowers, and
fruits of more than 300 plant species including grapevines, stone
fruits, berries, maize, soybean, roses and forest trees (4). Currently,
the control of Japanese beetle adults and larvae mainly depends on
the use of synthetic insecticides (13, 14), with the cost of damage
and control measures estimated at more than $400 million per year
in the USA alone (15). Besides these monetary costs, large-scale
insecticide applications to control this invasive pest pose a risk to
the environment and human health (16-18).

To date, no efficient and environmentally friendly control
strategy exists against Japanese beetles (14). However, several
biological agents have the potential to control this species,
including parasitic nematodes (Steinernema sp. and
Heterorhabditis sp.), bacteria (Paenibacillus popilliae and Bacillus
thuringiensis var. galleriae), and entomopathogenic fungi
(Metarhizium spp. and Beauveria spp.; 13, 14, 19-21).
Entomopathogenic fungi have proved effective against many
insect pests in the Coleoptera, Lepidoptera and Diptera, and fungi
of the genera Beauveria, Metarhizium, Isaria and Lecanicillium are
commercially applied worldwide (22-26). These fungi infect their
insect hosts by attaching to and breaching the cuticle (27). For
successful infection, the number of adhering spores is crucial, as
mortality is dose dependent (28, 29). Once the fungi have reached
the hemolymph of the insect, they form blastospores and exploit the
nutrients of the insect (30). Upon the death of the host the fungus
grows out of the insect to form new conidiospores (31, 32). The
duration of fungal incubation can vary from a few days to a couple
of months, and depends on the insect species, the virulence of the
fungus and environmental conditions (32, 33).

In Switzerland, adults and larvae of native scarab beetles such as
the cockchafer (Melolontha spp.), the June beetle (Amphimallon
spp.), and the garden chafer (Phyllopertha horticola) are highly
susceptible to different strains of Beauveria brongniartii or
Metarhizium sp., depending on the scarab species (33-36). In
contrast to the Japanese beetle, these native scarabs almost

Frontiers in Insect Science

10.3389/finsc.2023.1138427

exclusively cause damage in their larval stages. Thus, the state-of-
the-art control strategy against native scarabs consists of culture of
the appropriate fungal strain on sterilized barley kernels and
application of fungus-colonized barley kernels (FCBK) with a no-
till seeder to the larval habitats (meadows, pastures, or turf; 36-38).
The Japanese beetle is closely related to these native scarabs and
shares a similar ecological niche and life cycle. Under laboratory
conditions, several fungal strains (Metarhizium spp. and Beauveria
spp.) have proven successful in infecting and killing Japanese beetle
larvae or adults (39-42). Furthermore, Behle et al. (21) achieved a
moderate to good control of larvae when applying the fungal strain
Metarhizium brunneum BIPESCOS5/F52 (Bip5) to turf in well-
controlled small scale-field experiments. However, there remains
a lack of research to test the efficacy of large-scale field application
of entomopathogenic fungi against Japanese beetle larvae
and adults.

Here, we tested the application of Bip5 against Japanese beetle
larvae and adults in the field. We hypothesized that the Japanese
beetle can be controlled in a similar way to its native relatives in
Europe. Thus, we tested the application of FCBK for control of
larvae on the Japanese beetle. Furthermore, we also assessed the
efficacy of a spray application of a Bip5 conidiospore suspension to
control adult populations. The objective of the field experiments
was to monitor the ability of Bip5 to establish and survive in both
adult and larval habitats and to measure its effect on insect survival
and the damage caused by adult beetles.

Additionally, we carried out two sets of laboratory experiments
with the overall aim of assessing the susceptibility of Japanese beetle
larvae and adults to three commercially available fungal strains, M.
brunneum ART 212, M. brunneum BIPESCO 5, and B. brongniartii
BIPESCO 2, under standard laboratory conditions. These
experiments revealed host stage-related differences in
susceptibility to fungal infection and we hypothesized that they
may be explained by cuticular defense mechanisms. We anticipated
that larvae have a stronger cuticular defense against soil-borne
pathogens than adults, owing to the long subterranean development
of the former. Moreover, we expected blastospores to induce faster
speed of kill under laboratory conditions due to their fast
germination and growth, while more robust conidiospores may be
slower in infesting their host.

Our experiments help to assess the potential of entomopathogenic
fungi as biocontrol agents against Japanese beetles in the field, and to
better understand the mechanisms underlying host-stage-specific
virulence of the applied fungal strains.

2 Material and methods
2.1 Fungal strains

All fungal strains used in the field and laboratory experiments
are commercially available. Beauveria brongniartii BIPESCO2
(Bip2) was originally isolated by H. Strasser from infected
Melolontha melolontha (43), Metarhizium brunneum BIPESCO5
(Bip5) was isolated in Austria from infected Cydia pomonella (44),
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and ART 212 was isolated from Agriotes sp. at Agroscope
(Switzerland). To ensure the fitness of the fungal strains, we
isolated spores from mycosed cadavers of Japanese beetle (Bip5
and ART 212) and cockchafer (Bip2) larvae from previous
inoculation experiments and plated them on selective medium
plates (SM: sabouraud 2% glucose agar (SDA) supplemented with
cycloheximide (0.05 g/1), streptomycin sulfate (0.6 g/1), tetracycline
(0.05 g/1), and dodine (50 mg/l); 45). The F2 generation was grown
for two weeks at 22°C and 80% RH in darkness and stored at 5°C
after the fungi fully sporulated on the plates.

2.2 Meadow field experiments

To test whether the state-of-the-art control of native relatives is
effective for Japanese beetles, we carried out two field experiments on
meadows infested with Japanese beetle larvae in Piedmont, Italy. Each
experiment consisted of 18 plots (9 x 10 m). Experiment 1 (45.6373°N,
8.6087°E, 311 m a.s.l.) was set up in September 2018 when second and
third instar larvae were present. Three treatments (six plots each) were
established: Bip5 FCBK (applied with a no-till seeder at an equivalent
concentration of 10 conidiospores ha™), treatment control (treatment
with no-till seeder without FCBK), and a control (untreated).
Experiment 2 (45.6354°N, 8.6377°E, 191 m a.s.l.) was set up in May
2019 before adults emerged and laid new eggs. Nine plots received the
Bip5 FCBK treatment, the other nine plots were left untreated as
control. This second meadow was irrigated once with 30 mm water
during peak flight in July 2019 because the soil was very dry.

2.2.1 Fungal inoculum

Bip5 was grown on sterilized barley kernels in polypropylene
zipper filter bags (Sac O,, Deinze, Belgium; 2 kg unpeeled barley, 1.5 L
tap water per bag). The bags were inoculated with sporulating Bip5
culture (F3 generation) that had been grown on complete medium
plates (CM: 10 g glucose, 0.36 g KH,PO,, 1.78 g Na,HPO,, 1 g KCl,
0.6 g MgSO,47H,0, 0.6 g NH,NO;, 5 g yeast extract, 20 g agar per 1 L
distilled water; 46; one plate per bag). Bags were incubated for 6-8
weeks at 23°C in the dark and were mixed after approximately two
weeks to increase conidiospore production. When fully sporulating,
FCBK bags were stored at 5°C until use. Conidiospore concentration
was determined by washing the spores from a subsample of each bag
with 0.1% aqueous Tween 80 (Sigma-Aldrich, Seelze, Germany) and
counting them with a hemocytometer.

2.2.2 Sampling

Soil samples were taken to estimate the number of Metarhizium
sp. colony forming units (CFU) in the soil before and after the
application of treatments. Four soil samples per plot (6 cm diameter
x 10 cm depth) were pooled, mixed, and stored in plastic bags at 5°
C until processing. The Metarhizium sp. CFU g of soil were
estimated as described by Kessler et al. (37). From each pooled
sample, three subsamples of 20-24 g were taken, suspended, and
plated on SM. After two weeks of incubation (22°C, 70% RH,
darkness), we counted the Metarhizium sp. colonies on each plate
and determined CFU g of soil dry weight. We measured the water
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content of the soil samples gravimetrically. The mean of the three
subsamples per plot was used for statistical analyses.

Larval density in the meadows was estimated by counting all
Japanese beetle larvae present in five 20 x 20 x 10-15 cm soil blocks
per plot. For statistical analysis, we used the sum of the number of
larvae found in the five soil blocks.

2.3 Soybean field experiment

To assess whether Bip5 conidiospores can provide control
against Japanese beetle adults, we carried out an experiment on
an infested soybean field in northern Italy (45.5354°N, 8.6512°E,
177 m a.s.l.). We compared four treatments: 1) Bip5 conidiospore
suspension (10"* conidiospores ha™ suspended in 600 L ha™ water
with 2% Telmion (Omya International AG, Oftringen, Switzerland)
as surfactant); 2) a surfactant control (water with 2% Telmion); 3)
an untreated control; and 4) a reference application of the
insecticide Karate Zeon 1.5 (15 g L' Lambda-Cyhalothrin,
Syngenta, Basel Switzerland, 1.5 L ha™). All treatments were
applied with an air-supported trail sprayer. We divided the field
into 24 plots (6 plots per treatment) of 21x21 m and assigned the
treatments randomly to plots. Treatments were applied at the
beginning of the peak flight in early July 2019 in the morning
and a second time 6 days later in the evening.

2.3.1 Fungal inoculum

Bip5 conidiospores were produced on barley kernels as
described above. Bags with fully sporulating Bip5 were opened
and air dried for 2-3 weeks, then conidiospores were removed from
the barley kernels (mycoharvester VBS (Agriculture) Ltd.,
Beaconsfield, United Kingdom), and stored at 5°C. The spore
concentration of the powder was determined using a
hemocytometer (with the powder in 0.1% aqueous Tween 80
solution). Immediately before application, the conidiospores were
formulated with water and 2% Telmion at the field site.

2.3.2 Sampling

To estimate the number of viable Metarhizium sp. spores on
soybean leaves, we removed nine randomly chosen healthy leaves from
all plots except the insecticide treated plots and stored them at 5°C in
extraction bags (forming subsamples of three leaves per bag; Bioreba
AG, Reinach, Switzerland) until processing. We added 10 mL buffer
solution (0.01M PBS, 0.05% (v/v) Tween 20) to each extraction bag and
homogenized the leaf samples with the buffer in each extraction bag
using a grinding machine. Aliquots of 100 pL of each sample were
pipetted and spread on SM plates for incubation (two weeks at 23°C,
80% RH, darkness). We counted Metarhizium sp. CFU on each plate,
distinguishing them morphologically from other fungi. For statistical
analysis, the mean of the three subsamples per plot was used.

To assess the effects on the Japanese beetle population, we
counted all adult beetles along 5 m transects of two rows of soybean
plants per plot. The sum of all counted beetles per plot was used for
statistical analysis. In addition, we scored damage on five randomly
selected plants per plot (0: no damage; 1: visible damage but less
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than half a leaf skeletonized; 2: leaves are green but at least half a leaf
is skeletonized; 3: at least one fully skeletonized brown leaf). For
each plot, the damage scores of the five plants were summed for
statistical analysis.

The effect of the Bip5 conidiospore treatment and the surfactant
control on the mortality of beetles was assessed immediately after the
first spray application. Ten adults per plot were collected, placed
individually in 90 mL plastic tubes filled with moist peat and hazelnut
leaves as food, closed with a perforated lid, and incubated for five
weeks (23°C, 60% RH, day-night cycle of 16:8 h). We replaced food
weekly and checked for mortality at the same time.

2.4 Laboratory inoculation experiments

We carried out two sets of laboratory experiments where we
combined different application methods (spraying, injection) with
different fungal strains (Bip2, Bip5 and ART 212), spore types, and
respective control treatments (Table 1). All treatments were applied
to either Japanese beetle larvae or adults and the timing of the
experiments was adjusted to the life cycle of the insect.

2.4.1 Insects

Japanese beetle adults and larvae were collected from wild
populations in an infested area in the Swiss-Italian border region.
Prior to experiments, adults were kept for 2-9 days in a refrigerator
(5-6°C, to maintain their fitness) in groups of approximately 50

animals, in plastic containers containing moist peat and vine or

TABLE 1 Treatment combinations in the laboratory inoculation experiments.

Treatment
Experiment 2020

Control

Tween 0.01%

Bip2

Bip5

ART 212
Experiment 2021

Control

Tween 0.01%

H,O

Bip2

Bip5

10.3389/finsc.2023.1138427

hazelnut leaves as food. Larvae were kept for 26-32 days
(experiment 2020) and 3-9 days (experiment 2021), individually
in six-well cell culture plates filled with moist peat and slices of
carrot as food (23°C, 60% RH, day-night cycle of 16:8 h). Before
exposure to treatments, larvae were cooled in a refrigerator (5-6°C,
for approximately 2 h).

2.4.2 Spore suspensions

F2 generation plates of the fungal strains served as starting
material for all spore suspensions. Conidiospore suspensions were
prepared by re-plating the F2 generation on SM plates and washing
spores off fully sporulating cultures (F3) with 15 mL of sterile Tween
80 solution (0.1% v/v). We removed mycelium and other large
particles from the suspensions by vacuum-filtration (Miracloth
filter, Merck KGaA, Darmstadt, Germany). Final spore
concentration was adjusted to 107 conidiospores mL™ by adding
sterile deionized water after counting using a hemocytometer.

Blastospore suspensions were obtained from liquid medium
cultures (medium: 3% sucrose, 2.5% yeast extract, 1% peptone and
1% barley flour in 500 mL deionized water) inoculated with six to
eight 7 mm-diameter plugs from F2 generation plates. After
incubation on an orbital shaker at 250 rpm and 28°C for 3 days
for Bip5, and 25°C for 4 days for Bip2, we filtered the liquid cultures
through Miracloth to remove the mycelium and washed the
remaining blastospores to remove the ingredients of the medium
and mycotoxins produced by Bip2 and Bip5 (centrifugation at
1174g for 20 min, removal of supernatant, resuspension in
deionized water, second centrifugation, resuspension in deionized

Spore type Application method
None None
None Spray
Conidiospores Spray
Conidiospores Spray
Conidiospores Spray
None None
None Spray
None Injection
Conidiospores Spray
Blastospores Spray
Blastospores Injection
Conidiospores Spray
Blastospores Spray
Blastospores Injection

Experiments were performed using third instar larvae and adult Japanese beetles (Experiment 2020, adults in June/July, larvae in October; experiment 2021, adults in July, larvae in September).
We used five replicates per treatment combination, and 15 individuals per replicate. For the spray applications, we used 107 spores mL ™" or 0.01% (v/v) Tween 80. For injections, we used 0.2 uL of

a suspension containing 10 spores mL™" (approx. 200 spores per insect) or deionized water.
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water and filtration using Miracloth). We determined the spore
concentration using a hemocytometer and adjusted to 107
blastospores mL! by adding deionized water. For the injection of
blastospores, we diluted 1 mL of the blastospore suspension to 10°
spores mL .

2.4.3 Experimental procedure

For the spray treatments, we applied the respective spore solution
using a 30 mL spray flask; each insect received one spray dose from
each side. For the injection treatments, we used microsyringes (10 UL,
G31 injection needle, Hamilton Company, Reno, Nevada) to inject 0.2
UL of the respective suspension behind the third leg of the insect.
Germination rates were higher than 95% for all spore solutions
(quantified by pipetting three times 50 UL of spore suspension on
CM, incubation for 24 h (conidiospores) or 12-18 h (blastospores), and
counting 100 spores at 40x magnification).

After inoculation, insects were held individually in insect tubes
filled with moist peat and hazelnut leaves (adults) or carrot slices
(larvae) as food and closed with a perforated lid. All tubes from one
treatment and one replicate were kept together in a plastic box, and
these boxes were randomly placed on two racks in a climate-
controlled room (23°C, 60% RH, day-night cycle 16:8 h). We
assessed the mortality and fungal infection of the insects weekly
and replaced food at the same time (adults 4 weeks, larvae 10
weeks). Mycosed cadavers were stored at 5°C and fungal spores
were isolated from the cadavers on SM and grown for 2 weeks. The
isolates were kept at 5°C until used for genetic analysis.

2.4.4 Genetic analysis

From the experiments in 2021, we selected fungal isolates
according to morphology from each treatment to confirm their
identity using genetic analysis (simple sequence repeats; SSR).
Isolates were spread on CM plates covered with filter paper. After
4-5 days of incubation, the mycelia were scraped off the filters,
transferred to 2 mL Eppendorf tubes and frozen at -70°C. The
frozen mycelia were lyophilized, and cells were disrupted with glass
beads (3 mm and 1 mm) in a FastPrep-24 homogenizer (MP
Biomedicals, Eschwege, Germany; 25 s at 6 m s’l). We extracted
the DNA (sbeadex plant kit and King Fisher Flex Purification
system, Thermo Fisher Scientific, Waltham, Massachusetts) and
standardized the samples to 5 ng DNA L™

We used six SSR markers in two primer pair sets for each
species to analyze fungal genotypes (Bb1F4, Bb2A3, Bb2F8, Bb4H9,
Bb5F4, Bb8D6 for B. brongniartii; 47; Ma2049, Ma2054, Ma2063,
Ma2287, Ma327, Mal95 for M. brunneum; 48, 49). Reference
strains were included for both species (B. brongniartii, Bip2 and
Bip4; Metarhizium spp., Ma714, Ma500 and Bip5). Multiplex PCRs
and fragment size analyses were performed as described by
Mayerhofer et al. (50) and Fernandez-Bravo et al. (51).

2.5 Data analysis
For all field experiments, data collected after treatment at

multiple time points were aggregated at plot level (the unit of
replication of the applied treatments). We modeled the variables in
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dependence of the applied treatments by using linear models
summarized in analysis of variance (ANOVA) tables. These
analyses were performed for all CFU data, data on larval densities
in the soil of the meadow field experiments, and the abundance of
adult beetles and damage rate of the soybean field experiment. The
dependent variables of the two meadow field experiments were
square-root transformed before aggregation to increase
homoscedasticity. To test for different temporal dynamics in the
different treatments, we first regressed the dependent variables
against time, and then analyzed the temporal trends (slopes) with
a one-sample t-test. This two-step procedure avoids the modeling of
serial residual correlation structure, without loss of information.
CFU data from both meadow field experiments were square-root-
transformed before regression to increase homoscedasticity.

For the meadow fleld experiment 2 and the soybean field
experiment, we expected a natural gradient in the insect
populations on the study sites due to their surroundings.
Therefore, we added to each of the datasets the variables X and Y
to account for the order of the plots. We included those variables as
factors into our analysis and fitted them before the
applied treatments.

Insect mortality was analyzed using discrete-time hazard
models. Specifically, we used a binomial generalized linear model
with mortality measured during intervals as dependent variable,
with complementary log-log link and the logarithm of the interval
length as offset (ASReml-R V4 package, VSNi, Hemel Hempstead,
UK). The fixed-effect terms were, in this sequence, interval, the
experimental treatments, and the interaction between interval and
these treatments. Note that an interaction between interval and any
of the treatment indicates a deviation from proportional hazards.
The box that harbored the group of initially 15 insects was fitted as
random effect. To further inspect effects of the experimental
treatments, we decomposed these into a series of individual
contrasts and interactions with the time intervals. See results
for details.

3 Results
3.1 Meadow field experiments

The application of Bip5 FCBK increased the abundance of
Metarhizium sp. CFU in the soil in both experiments
(Figures 1A, C; experiment 1, F; 15 = 145, P < 0.001; experiment
2, F;, 14 = 51, P < 0.001). Despite increased CFU densities, Bip5
FCBK applications failed to reduce the larval populations
significantly (Figures 1B, D). In experiment 1, we found no effect
of Bip5 FCBK treatment on the larval population (F,, 5 = 0.5, P >
0.5); however, the population decreased over winter by
approximately 50% irrespective of the treatment (¢;,= 10.2, P <
0.001). In experiment 2, the larval population was in general lower
in Bip5 FCBK treated plots compared to the control, but the effect
was non-significant (F;, 14 = 3.3, P = 0.089). We did not find high
winter mortality in experiment 2. Metarhizium sp. CFU numbers
decreased over winter in Bip5 FCBK treated plots in both
experiments (slopes differ from 0, experiment 1, t5 = -2.6, P <
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FIGURE 1

Number of Metarhizium CFU g™* soil on square-root transformed y-axis (A, C) and mean number of larvae with standard error (B, D) before and

after treatments.

0.05; experiment 2, tg = -2.7, P < 0.05) but remained constant in the
control and treatment control (slopes do not differ from 0,
experiment 1, ;= -1.4, P > 0.1; experiment 2, tg= 0.8, P > 0.1).

3.2 Soybean field experiment

No Metarhizium sp. CFU were found on soybean leaves before
treatment and the application of Bip5 conidiospores increased the
number of Metarhizium sp. CFU g leaf tissue significantly
(Figure 2A; Table 2). CFU numbers decreased in Bip5
condiospore treated plots over time (slope differs from 0, t5 =
-3.1, P < 0.05), but the treatment effect persisted to the last sampling
at day 29.

The insecticide Karate Zeon significantly reduced the number of
Japanese beetle adults on the soybean plants during the peak flight
period (Figure 2B; Table 2). The Bip5 conidiospore suspension and
the surfactant control had a moderate effect on beetle abundance on
the soybeans, but there was no additive effect of the Bip5
conidiospores above that of the surfactant alone (Table 2). The leaf
damage score of the insecticide treated plots was significantly lower
than for all other treatments, while the Bip5 conidiospore treatment
and the surfactant control did not differ from the untreated control
(Table 2). Damage rates remained at pre-infestation levels when the
insecticide Karate Zeon was applied (Figure 2C; slopes do not differ
from 0, ts = 0.9, P > 0.1). In contrast, leaf damage increased in all
other treatments (slopes differ from 0, Bip5 conidiospore suspension,
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ts = 3.2, P < 0.05; surfactant control, t; = 7.6, P < 0.001; untreated
control, t5 = 4.0, P < 0.05). The Bip5 conidiospore application in the
field had a strongly significant effect on the mortality of the beetles
when incubated in the laboratory, in comparison with the surfactant
control (Figure 2D; F; 3, = 11.5, P < 0.01).

3.3 Laboratory inoculation experiments

3.3.1 Mortality

In general, adult Japanese beetles were more susceptible than
larvae to the application of conidio- or blastospores of Bip2, Bip5
and ART 212. The spray application of conidio- or blastospores of
all three fungal strains did not affect the mortality of larvae over the
10 weeks of the experiment (Figures 3A, C; Table 3). In contrast,
fungus-treated adults showed elevated mortality already seven days
after infection, with a clear effect on day 14 (Figures 3B, D; Table 3).
All mortality effects were due to the applied fungal spores, with the
corresponding control treatments having no statistically significant
effects (Table 3). Neither fungal strains nor spore types differed in
the mortality rates provoked in adults or larvae (Table 3). Injecting
blastospores directly into the insects significantly increased
mortality rates of both adults and larvae compared to H,O
injection (Figure 3; Table 3). In all experiments, mortality differed
between time intervals (Table 3). However, we found an interaction
between all treatments with blasto-or conidiospores and time
intervals only for adults and not for larvae (Table 3).
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(A) Metarhizium CFU g leaf tissue on the square root transformed y-axis, showing the mean values of the three samples per plot. (B) Mean and
standard error of total number of beetles counted per plot. (C) Mean and standard error of leaf damage score per treatment. (D) Mortality of beetles
(mean and standard error) collected from the experimental field after the first spray application and incubated in the laboratory. Bip5: Bip5
conidiospore suspension, Control: untreated control, Insecticide: Karate Zeon, Surfactant: surfactant control.

TABLE 2 Analysis of the soybean field experiment.

Dependent variable Term df ddf F P
Log (CFU)
Bip5 < Surfactant, Control 1 15 145 <0.001
Control < Surfactant 1 15 0.06 >0.5
Damage
X 1 18 1.04 >0.1
Y 1 18 23.6 <0.001
Insecticide <> all other treatments 1 18 29.0 <0.001
Bip5 « Surfactant <> Control 2 18 230 >0.1
Log (total beetles)
X 1 17 1.87 >0.1
Y 1 17 47.6 <0.001
XxY 1 17 6.07 <0.05
Insecticide <> all other treatments 1 17 156 <0.001
Bip5, Surfactant < Control 1 17 19.3 <0.001
Bip5 « Surfactant 1 17 0.04 >0.5

Bip5, Bip5 conidiospore suspension; Control, untreated control; Insecticide, Karate Zeon; Surfactant, surfactant control. In bold are the P-values showing significant differences.
Effect of the different treatments on the dependent variables Metarhizium sp. CFU g leaf tissue, damage rating, and the total number of beetles on the soybeans. To disentangle the effects of the
different treatments, we applied contrasts. For the analysis of the total number of beetles, we excluded data from day 29, because peak flight ended prior to that date.
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Mortality of Japanese beetle adults and larvae over time. The mortality was assessed over 4 weeks for adults and over 10 weeks for larvae at weekly
time intervals. The figures show the mean number of dead individuals and the standard error. For larvae, results of the first 4 weeks and week 10 are
displayed. (A, B) show the results from the experiments conducted in 2020 with the three fungal strains applied superficially as conidiospores.

(C, D) show the results from the experiments conducted in 2021. Bip2 and Bip5 were statistically indistinguishable from each other; therefore, we
show the aggregated data, broken down by spore type and application method (treatment types).

3.3.2 Mycosis

In the experiment in 2020, Metarhizium sp. were observed
sporulating on one larval cadaver treated with Bip2 and three cadavers
each treated with ART 212 and Bip5. Beauveria sp. did not sporulate on
any larval cadavers. In contrast, all fungal strains were able to successfully
sporulate on the cadavers of adult Japanese beetles. Bip2 (58 mycosed of
73 dead beetles) was slightly more successful in colonizing the treated
adults than Bip5 (47 mycosed of 75 dead beetles) and ART 212 (43
mycosed of 75 dead beetles). We found Beauveria sp. on two cadavers of
adults treated with ART 212. We did not find Beauveria sp. sporulating
on any cadavers of adults in the control groups, but Metarhizium sp.
were found on five adults treated with Tween 0.01%.

In the experiment in 2021, all control treatments together
contained only three mycosed cadavers (one larva and two adults).
One of those isolates was genetically identical with Bip5, the other
two isolates differed genetically from Bip2 and Bip5. A few larval
cadavers from the spray treatments (blasto- or conidiospores)
showed mycosis of Beauveria sp. (10 cadavers) or Metarhizium sp.
(16 cadavers; Supplementary Table 1). In contrast, most adult
cadavers from the spray treatments were successfully colonized by
the respective fungal strain (111 with Metarhizium sp., 133 Beauveria
sp.; Supplementary Table 1). The results were similar for adults and
larvae in the blastospore injection treatments: Bip2 and Bip5 grew on
most of the cadavers of larvae and adults. SSR analysis revealed that
the fungal isolates from the cadavers matched genetically with the

Frontiers in Insect Science

08

applied fungal strains in most cases (Supplementary Table 1). We
found only two unknown Metarhizium sp. strains, one each on an
adult and larval cadaver treated with Bip5.

4 Discussion

Japanese beetle adults and larvae cause major damage in their
invasive range. To efficiently protect valuable crops and grassland, a
control strategy targeting both life stages is crucial. We tested the
impact on Japanese beetle larvae in infested meadows of an
application method using M. brunneum Bip5 that is well
established for the control of scarab larvae native to Europe. In
addition, we targeted adults feeding on a soybean field with Bip5
conidiospore spray applications. We found that Bip5 established
and persisted in the soil of larval habitats and on the leaves of
soybeans. However, neither larval nor adult population sizes were
reduced by these treatments at the study sites. Subsequent
laboratory experiments revealed that young third instar larvae
were not susceptible to superficially applied blasto- or
conidiospores of two M. brunneum (Bip5 and ART 212) and one
B. brongniartii (Bip2) strain. In contrast, all spray applications of
blasto- or conidiospores of the same strains increased the mortality
of adults. Both life stages were susceptible to Bip5 and Bip2 when
blastospores were injected directly into the hemolymph of the

frontiersin.org


https://doi.org/10.3389/finsc.2023.1138427
https://www.frontiersin.org/journals/insect-science
https://www.frontiersin.org

Graf et al.

10.3389/finsc.2023.1138427

TABLE 3 Analysis of the laboratory inoculation experiments. Effect of the different treatments on the mortality of Japanese beetle adults and larvae.

Term Larvae Adults
Experiment 2020 df ddf [F ‘ P df ddf ‘ [F ‘ P
Time
Interval 9 178.2 2.88 <0.01 3 51.0 17.05 <0.001
Controls
Control < Tween 0.01% 1 16.1 0.18 >0.5 1 35.1 0.06 >0.5
Interval x Control < Tween 0.01% 9 178.2 1.38 >0.1 3 49.6 0.84 >0.1
Fungal treatments
Tween 0.01% < Bip2, Bip5, ART 212 1 16.7 0.31 >0.5 1 31.1 4527 <0.001
Bip2 < Bip5 < Art 212 2 15.6 0.55 >0.5 2 15.6 0.55 >0.5
Interval x Control, Tween 0.01% < Bip2, Bip5, ART 212 27 178.2 0.94 >0.5 8 50.8 3.81 <0.01
Interval x Bip2 < Bip5 < Art 212 18 178.2 0.39 >0.5 5 51.0 1.76 >0.1
Experiment 2021 df ddf F P df ddf ‘ F ‘ P
Time
Interval 9 316.7 3.44 <0.001 3 83.5 27.03 <0.001
Control treatments
Control < H,O injection <> Tween 0.01% 2 37.6 0.82 >0.1 2 92.6 0.16 >0.5
Interval x Control < H,O injection <> Tween 0.01% 18 315.7 1.04 >0.1 3 80.1 0.18 >0.5
Spray treatments
Tween 0.01% <> Blastospores' 2 38.2 0.95 >0.1 2 34.9 30.12 <0.001
Time interval x Tween 0.01% < Blastospores’ 18 315.7 0.83 >0.5 6 81.4 4.24 <0.001
Tween 0.01% <> Condiospores’ 2 41.7 0.53 >0.5 2 34.9 27.82 <0.001
Interval x Tween 0.01% < Condiospores' 18 315.5 0.33 >0.5 6 81.3 3.59 <0.01
Blastospores' <> Conidiospores' 3 40.1 0.56 >0.5 3 23.9 0.08 >0.5
Interval x Blastospores' <> Conidiospores’ 27 315.7 0.40 >0.5 9 823 4.10 <0.001
Injection treatments
H,O < Blastospores' 2 26.4 10.13 <0.001 2 445 45.01 <0.001
Interval x H,O < Blastospores' 18 316.6 0.86 >0.5 5 80.8 0.14 >0.5
Blastospore application method
Injection’ « Spray" 3 29.6 10.87 <0.001 3 28.4 4.36 <0.05
Interval x Injection < Spray 27 316.2 0.94 >0.5 8 81.9 6.46 <0.001

! These terms include data from Bip2 and Bip5 of the respective application method or spore type. We did not perform separate analyses of the two fungal strains since their effects were

statistically indistinguishable. In bold are the P-values showing significant differences.

We applied different contrasts to disentangle the effects of application methods, spore types, fungal strains, and time interval.

insects, which suggests that the cuticle is an important factor in
determining the difference in susceptibility. We did not detect any
differences in the virulence of the different fungal strains, species or
spore types which shows the robustness of our findings. Our results
suggest that larvae are in general resistant to the three commercially
available fungal strains tested here. Thus, we do not see great
potential in attempting to adapt to Japanese beetle larvae the
state-of-the-art control of native scarabs. However, adults are
susceptible to all three fungal strains. Hence, the control of adults
with entomopathogenic fungi appears to be more promising.

Frontiers in Insect Science

In our meadow field experiments, we found evidence for good
establishment and persistence of Bip5 in the soil, but only a marginal
effect of Bip5 FCBK treatment on the abundance of P. japonica larvae.
This is in contrast with results of Ramoutar et al. (52) and Behle et al.
(21), who found clear, albeit variable, control effects when applying
Bip5 to turf in well-controlled small-scale field trials. In addition,
FCBK application at even lower doses has proven effective in the
control of native grubs, and the method is well established (34). Two
main factors are probably crucial for the success of the studies cited
above. First, clear control effects on white grubs of either Japanese
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beetle, cockchafer (Melolontha spp.), June beetle (Amphimallon spp.)
or garden chafer (P. horticola) were usually obtained when
experiments were conducted in moist environments. Additionally,
high soil temperature in summer promotes fungal growth and larval
infection (53). Furthermore, an intermediate level of moisture and high
temperatures have been shown to be most favorable for the infection of
P. japonica larvae by Metarhizium anisopliae (41), while infectiveness
is reduced under dry conditions (54). Second, the effectiveness of the
fungal treatments is affected by the larval stage targeted (55) with
greatest success reported for measures targeting first or second instar
larvae (21). We conclude that the optimal setting for the control of P.
japonica larvae with entomopathogenic fungi of the genera
Metarhizium are moist soils during summer months, when early
larval instars are present, and larvae are actively feeding directly
below the sod.

These conditions were not met in our studies. In our first field
experiment, Bip5 FCBK were applied in autumn and the soil was
moist during the winter season due to frequent rainfall. However,
most larvae were in their third instar and the activity of both P.
japonica larvae and Bip5, was limited by low soil temperatures. In our
second field experiment, we applied Bip5 FCBK in May to target eggs
and young larval instars. The experimental site received very limited
summer precipitation, and the resulting dry soils diminished the
efficacy of Bip5. We therefore argue that in the actual infested zone in
continental Europe, optimal conditions for entomopathogenic fungi
to infect P. japonica larvae are rarely met, since moist soils, high
temperatures and susceptible larval stages do not coincide.

The control of Japanese beetle adults in the infested zone in
northern Italy relies upon insecticide spraying, leaving organic
farmers without effective control measures against the invasive
pest (phytosanitary service Piedmont, pers. comm.). The spraying
of entomopathogenic fungi would offer an environmentally friendly
option for organic farmers to protect their crops. Our study shows
that Bip5 conidiospores can be applied effectively to soybean plants
and that infective propagules persist on leaves over the entire flight
period of the Japanese beetle, despite exposure to high temperatures
and strong solar radiation. However, Bip5 conidiospore treatment
was not more effective than the spore-free surfactant control. The
effectiveness of these two treatments averaged around 20-30%
(compared to around 70% for the Karate Zeon insecticide
treatment; effectiveness calculated according to Abbott; 56), and
likely is due to the surfactant in the formulation (57). The lack of an
effect of Bip5 conidiospore suspension on the abundance of beetles
in the plots was in stark contrast to the difference in the mortality of
beetles collected from Bip5 conidiospore treated and surfactant
control plots (Figure 2D). One explanation may be that a stronger
or more rapid effect of the surfactant masked the effect Bip5. The
relatively slow action of Bip5 also comes as a disadvantage in
comparison to the insecticide Karate Zeon, which caused an
immediate knock down of the beetles, with effects that lasted
throughout the entire flight period. To accelerate the speed of kill
of Bip5 conidiospore treatments, more spores need to come in
contact with the beetles, since time-to-death is directly correlated
with spore dose (unpublished data; 28). One solution might
therefore be to increase the spore concentration of the applied
suspension, or to spray repeatedly at shorter time intervals.
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Soybean infestation levels in our experimental field were
generally low, with an average of less than three beetles per plant.
Leaf damage did not exceed one fully skeletonized leaf per plant,
even in control plots. This damage level would not have justified the
application of an insecticide against Japanese beetles (14), and it
may be that effects of the Bip5 conidiospore treatment would have
been more readily detectable under a higher insect infestation level.

Our laboratory experiments showed that spray applications of
blasto- or conidiospores caused high mortality in adults but not in
larvae, independent of the fungal strain. This contrasts previous
studies (40, 41, 58); for example, Giroux et al. (40) found no
difference in mortality between adults and larvae of Japanese beetle.
However, that work used extremely high spore doses (40), which
were 8000 times higher than those used here (107 spores mL !, which
is commonly used in bioassays). In other laboratory studies, mycelial
particles were added to soil as source of infection, resulting in elevated
mortality of larvae caused by the applied fungi (41, 58), which
contrasts with our findings. To the best of our knowledge, our
study is thus the first that reports striking differences in the
susceptibility of Japanese beetle adults and larvae to M. brunneum
and B. brongniartii. There is, however, evidence from studies on other
insect species that susceptibility to fungal infection differs between
developmental stages, especially when larvae and adults do not share
the same habitat and are consequently not equally exposed to
entomopathogenic fungi (59, 60). Based on these findings, we
hypothesize that developmental stages with long periods of
exposure to soil-born fungal pathogens show higher resistance to
infection than stages that are exposed for only a short time. In
Japanese beetles, adults are exposed to attack by soil-borne pathogens
during only a very short time at emergence, and in females during
oviposition. In contrast, larval stages are exposed for more than half a
year, between egg hatch and pupation. It follows that defense
mechanisms in the latter should be stronger than in short-lived
adults with limited exposure to soil-borne pathogens.

Results from our injection experiments provide evidence that
this may be true at least for cuticular defense mechanisms in P.
japonica. When we injected blastospores of Bip5 and Bip2 directly
into the insects to override cuticular defense, we were able to infect
both adults and larvae. This indicates that larvae possess a cuticle
that protects them efficiently against fungal attack, while cuticular
defense mechanisms appear to be negligible in adults. This may
seem unexpected, since the heavily sclerotized cuticle of adult
beetles appears very robust when compared to the soft-bodied
larvae. Several studies have shown that M. anisopliae and other
entomopathogenic fungi have difficulties penetrating thick and
highly sclerotized areas of the integument of other beetle species
and cicadas (22, 59, 61). However, spores of M. anisopliae
preferably attach to the intersegmental membranes and around
the setae of locusts (62), and Beauveria bassiana presumably
penetrates Tribolium castaneum larvae through intersegmental
membranes (59). Based on these findings, we hypothesize that the
intersegmental membranes of adult Japanese beetles may be more
prone to fungal attack than the less sclerotized but generally more
robust cuticle of their larvae.

However, our results (Figure 3) suggest that cuticular defense
mechanisms only partially explain the difference in susceptibility of
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adults and larvae. Larvae were still more resistant to Bip5 and Bip2
than adults, even when blastospores were injected. Adults reached
more than 90% mortality after 7 days. In contrast, only around 30%
of the larvae were dead after this period, and mortality averaged
around 90% after 10 weeks only. This suggests that larvae are not
only better protected by their cuticle but also possess more efficient
internal defense mechanisms than adults.

Overall, we were able to successfully establish high numbers of
Metarhizium sp. CFU in the soil by applying Bip5 FCBK. However,
these did not effectively control Japanese beetle larvae in the field.
Our results were similar in two independent field sites at two
different dates, thus encompassing potential differences in
susceptibility of P. japonica according to the larval stage. We are
therefore confident that this finding is robust. We thus cannot
recommend Bip5 FCBK application against Japanese beetle larvae
in the infested zone in northern Italy as it is used against its native
relatives in Europe. While there clearly is room for improvement by
adopting more virulent and better-adapted fungal strains (63), and
by optimizing their field application, our laboratory experiments
indicate that Japanese beetle larvae are generally resistant to
entomopathogenic fungi. This conclusion is in line with a
literature review of laboratory and field experiments that found
that the control of Japanese beetle larvae with entomopathogenic
fungi is erratic and thus not recommended (13). Other
environmentally friendly alternatives such as the application of
entomopathogenic nematodes may be more promising for the
control of P. japonica larvae (20).

In contrast, the control of adult Japanese beetles with
entomopathogenic fungi appears more promising. We found
high susceptibility of adult beetles in laboratory settings to Bip2,
Bip5 and ART 212. Furthermore, we found that Bip5 can be used
in foliar sprays on crops with conidiospores persisting under high
UV radiation and heat. Although we did not find clear effects of
the Bip5 conidiospore suspension on Japanese beetle abundance
or crop damage in a soybean field, we were able to prove Bip5
infections in field-collected adults after application. More efficient
spraying techniques or alternative spore dissemination strategies,
such as attract and infest approaches (64, 65), may lead to a greater
impact on adult P. japonica populations. In field experiments in
which M. anisopliae treated and untreated adult Japanese beetles
were released, a significantly lower number of treated individuals
were recaptured compared to the control group (66).
Furthermore, adults that are attracted to traps equipped with
Metarhizium spp. conidiospores as inoculum are contaminated
with a sufficient spore dose to cause and increase mortality (64,
65). Those contaminated beetles spread the spores to non-infected
conspecifics (64, 65), further increasing fungal disease within the
population. We suggest that it would be valuable to further test
these attract and infest methods in regions with low Japanese
beetle population densities to assess whether it may serve as a tool
to reduce the flying population and, consequently, further spread
of this invasive pest. We conclude that the application of
entomopathogenic fungi can be an important tool in an
integrated pest management strategy targeted against P.
japonica adults but not against larvae.

Frontiers in Insect Science

11

10.3389/finsc.2023.1138427

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

TG: conceptualization, methodology, investigation, statistical
analysis and writing original draft. FS: investigation and formal
analysis. PN: statistical analysis and writing. GG: funding acquisition,
project administration, conceptualization, and writing. All authors
contributed to the article and approved the submitted version.

Funding

This project has received funding from the European Union’s
Horizon 2020 research and innovation programme under grant
agreement No. 861852, and an innovative research activity grant of
Agroscope Open access funding by Agroscope.

Acknowledgments

Special thanks to Giovanni Bosio (phytosanitary service of
Piedmont) for enabling the field experiments by providing us with
field sites, sharing his knowledge, assisting with data collection and
technical support. We thank Christian Schweizer (technician Extension
Arable Crops, Agroscope) for technical support and valuable advice.
Furthermore, we thank the entomology team of the Extension Arable
Crops group for assisting in labor-intensive sampling.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Since GG is topic editor for the P. japonica research topic, an
independent associated editor of FIS was selected to manage the
review process.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/finsc.2023.1138427/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/finsc.2023.1138427/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/finsc.2023.1138427/full#supplementary-material
https://doi.org/10.3389/finsc.2023.1138427
https://www.frontiersin.org/journals/insect-science
https://www.frontiersin.org

Graf et al.

References

1. European Commission. Commission delegated Regulation (EU) 2019/1702 Off J
Eur Union L (2019) 260(8):8-10.

2. Eppo. Eppo global database, popillia japonica (2002). Available at: https://gd.
eppo.int/taxon/POPIJA (Accessed May 19, 2022).

3. eCFR. 7 CFR part 301 subpart f, Japanese beetle (2019). Available at: https://www.
ecfr.gov/current/title-7/subtitle-B/chapter-III/part-301/subpart-F (Accessed May 19,
2022).

4. Fleming WE. Biology of the Japanese beetle. D.C., Washington: USDA tech (1972).
p. 1449,

5. Kistner-Thomas EJ. The potential distribution and voltinism of the Japanese
beetle (Coleoptera: scarabaeidae) under current and future climates. J Insect Sci (2019)
9(2):1-13. doi: 10.1093/jisesa/iez023

6. Pavesi M. Popillia japonica specie aliena invasiva segnalata in lombardia.
L’Informatore Agrario (2014) 32:53-5.

7. Servizio fitosanitario Lombardia. Popillia o scarabeo giapponese (Popillia
japonica) (2022). Available at: https://fitosanitario.regione.lombardia.it/wps/portal/
site/sfr/DettaglioRedazionale/organismi-nocivi/insetti-e-acari/popillia-japonica
(Accessed 10.10.2022).

8. Servizio fitosanitario Piemonte. Lotte obbligatorie- coleottero scarabeide del
giappone (Popillia japonica Newman) (2022). Available at: https://www.regione.
piemonte.it/web/temi/agricoltura/servizi-fitosanitari-pan/lotte-obbligatorie-
coleottero-scarabeide-giappone-popillia-japonica-newman (Accessed 10.10.2022).

9. Servizio fitosanitario Ticino. Coleottero giapponese (Popillia japonica) (2022).
Available at: https://www4.ti.ch/dfe/de/servizio-fitosanitario/organismi/coleottero-
giapponese-popillia-japonica/.

10. Potter DA, Braman SK. Ecology and management of turfgrass insects. Annu Rev
Entomol (1991) 36:383-406. doi: 10.1146/annurev.en.36.010191.002123

11. Potter DA. Destructive turfgrass insects: biology, diagnosis, and control. Chelsea
MI: Ann Arbor Press (1998).

12. Redmond CT, Potter DA. Incidence of turf-damaging white grubs (Coleoptera:
scarabaeidae) and associated pathogens and parasitoids on Kentucky golf courses.
Environ Entomol (2010) 39(6):1838-47. doi: 10.1603/EN10172

13. Potter DA, Held DW. Biology and management of the Japanese beetle. Annu
Rev Entomol (2002) 47:175-205. doi: 10.1146/annurev.ento.47.091201.145153

14. Shanovich HN, Dean AN, Koch RL, Hodgson EW. Biology and management of
Japanese beetle (Coleoptera: scarabaeidae) in corn and soybean. J Integr Pest Manag
(2019) 10(1):1-14. doi: 10.1093/jipm/pmz009

15. USDA APHIS. Managing the Japanese beetle: a homeowner’s handbook. United States
Department of Agriculture (USDA) (2015). doi: 10.1111/j.1365-2338.2006.01039.x.

16. Main AR, Webb EB, Goyne KW, Mengel D. Neonicotinoid insecticides
negatively affect performance measures of non-target terrestrial arthropods: a meta-
analysis. Ecol Appl (2018), 28(5)1232-44. doi: 10.1002/eap.1723

17. Chagnon M, Kreutzweiser D, Mitchell EA, Christy A. Morrissey CA, Noome DA, van
der Sluijs JP. Risks of large-scale use of systemic insecticides to ecosystem functioning and
services. Environ Sci Pollut Res (2015) 22:119-34. doi: 10.1007/s11356-014-3277-x

18. Siviter H, Muth F. Do novel insecticides pose a threat to beneficial insects? Proc
R Soc B (2020) 287:20201265. doi: 10.1098/rspb.2020.1265

19. Felming WE. Integrating control of the Japanese beetle — a historical review.
USDA tech (1976), 1545.

20. Paoli F, Marianelli L, Binazzi F, Mazza G, Benvenuti C, Peverieri G, et al.
Effectiveness of different doses of Heterorhabditis bacteriophora against Popillia
japonica 3rd instars: laboratory evaluation and field application. Redia (2017)
100:135-8. doi: 10.19263/REDIA-100.17.17

21. Behle RW, Richmond DS, Jackson MA, Dunlap CA. Evaluation of Metarhizium
brunneum F52 (Hypocreales: clavicipitaceae) for control of Japanese beetle larvae in
turfgrass. J Econ Entomol (2015) 108(4):1587-95. doi: 10.1093/jee/tov176

22. Hajek AE, Leger RJ. Interaction between fungal pathogens and insect hosts.
Annu Rev Entomol (1994) 39:293-322. doi: 10.1146/annurev.en.39.010194.001453

23. Kabaluk JT, Svircev AM, Goettel MS, Woo SG. The use and regulation of
microbial pesticides in representative jurisdictions worldwide (2010). IOBC Global.
Available at: www.iobc-global.org (Accessed May 19, 2022).

24. Lacey LA, Grzywacz D, Shapiro-Ilan DI, Frutos R, Brownbridge M, Goettel MS.
Insect pathogens as biological control agents: back to the future. J Invert. Path (2015)
132:1-41. doi: 10.1016/j.jip.2015.07.009

25. de Faria MR, Wraight SP. Mycoinsecticides and mycoacaricides: a
comprehensive list with worldwide coverage and international classification of
formulation types. Biol Contl. (2007) 43:237-56. doi: 10.1016/j.biocontrol.2007.08.001

26. Thakur N, Kaur S, Tomar P, Thakur S, Yadav AN. Microbial biopesticides:
current status and advancement for sustainable agriculture and environment. In:
Rastegari AA, Yadav AN, Yadav N, editors. New and future developments in
microbial biotechnology and bioengineering. Elsevier (2020). p. 243-82.

27. Ortiz-Urquiza A, Keyhani NO. Action on the surface: entomopathogenic fungi
versus the insect cuticle. Insects (2013) 4(3):357-74. doi: 10.3390/insects4030357

Frontiers in Insect Science

12

10.3389/finsc.2023.1138427

28. Ansari MA, Vestergaard S, Tirry L, Moens M. Selection of a highly virulent
fungal isolate, Metarhizium anisopliae CLO 53, for controlling Hoplia philanthus. ]
Invertebr. Pathol (2004) 85(2):89-96. doi: 10.1016/j.jip.2004.01.003

29. Nong X, Liu C, Lu X, Wang Q, Wang G, Zhang Z. Laboratory evaluation of
entomopathogenic fungi against the white grubs, Holotrichia oblita and Anomala
corpulenta (Coleoptera: scarabaeidae) from the field of peanut, arachis hypogaea.
Biocontrol Sci Technol (2011) 21(5):593-603. doi: 10.1080/09583157.2011.566324

30. Zhang C, Xia Y. Identification of genes differentially expressed in vivo by
Metarhizium anisopliae in the hemolymph of Locusta migratoria using suppression-
subtractive hybridization. Curr Genet (2009) 55:399-407. doi: 10.1007/500294-009-
0254-x

31. Schrank A, Vainstein MH. Metarhizium anisopliae enzymes and toxins. Toxicon
(2010) 56(7):1267-74. doi: 10.1016/j.toxicon.2010.03.008

32. Moino AJ, Alves SB, Lopes RB, Neves PMOJ, Pereira RM, Vieira SA. External
development of the entomopathogenic fungi Beauveria bassiana and Metarhizium
anisopliae in the subterranean termite Heterotermes tenuis. Sci Agric (2002) 59(2):267—
73. doi: 10.1590/s0103-90162002000200010

33. Keller S, Schweizer C, Keller E, Brenner H. Control of white grubs (Melolontha
melolontha 1.) by treating adults with the fungus Beauveria brongniartii. biocontrol sci.
Technol (1997) 7(1):105-16. doi: 10.1080/09583159731090

34. Keller S, Schweizer C. Engelingsbekdimpfung mit pilzen. Mitt. Dtsch Ges. allg.
angew. Entomol (2008) 16:361-4.

35. Fornallaz C. Demékologische grundlagen und praktische durchfithrung der
mikrobiellen bekimpfung des maikifers Melolontha melolontha 1. mit dem pilz
Beauveria brongniartii (Sacc.) petch. Diss. ETH (1992), 9736. doi: 10.3929/ethz-a-
000643446

36. Aregger-Zavadil E. Grundlagen zur autdkologie und artspezifitit des pilzes
Beauveria brongniartii (SACC.) petch als pathogen des maikifers (Melolontha
melolontha 1.). Diss. ETH (1992), 9735. doi: 10.3929/ethz-a-000643444

37. Kessler P, Matzke H, Keller S. The effect of application and soil factors on the
occurrence of Beauveria brongniartii applied as a biological control agent in soil. ]
Invertebr. Pathol (2003) 84:15-23. doi: 10.1016/j.jip.2003.08.003

38. Kessler P, Enkerli J, Schweizer C, Keller S. Survival of Beauveria brongniartii in
the soil after application as a biocontrol agent against the European cockchafer
Melolontha melolontha. BioControl (2004) 49:563-81. doi: 10.1023/B:
BICO.0000036441.40227.ed

39. Behle RW, Goett EJ. Dosage response mortality of Japanese beetle, masked
chafer, and June beetle (Coleoptera: scarabaeidae) adults when exposed to experimental
and commercially available granules containing Metarhizium brunneum. ] Econ
Entomol (2016) 109(3):1109-15. doi: 10.1093/jee/tow080

40. Giroux F, Lavallee R, Bauce E, Guertin C. Susceptibility of the Japanese beetle,
Popillia japonica (Newman) (Coleoptera: scarabaeidae), to entomopathogenic
hypocreales fungi. Phytoprot (2015) 95:1-6. doi: 10.7202/1028399ar

41. Villani MG, Krueger SR, Schroeder PC, Consolie F, Consolie NH, Preston-
Wilsey LM, et al. Soil application effects of Metarhizium anisopliae on Japanese beetle
(Coleoptera: scarabaeidae) behavior and survival in turfgrass microcosms. Environm.
Entomol (1994) 23(2):502-13. doi: 10.1093/ee/23.2.502

42. Lacey LA, Martins A, Ribeiro C. The pathogenicity of Metarhizium anisopliae
and Beauveria bassiana for adults of Japanese beetle, Popillia japonica (Coleoptera:
scarabaeidae). Eur ] Entomol (1994) 91:313-9.

43. Strasser H, Pernfuss B, Abendstein D, Stuppner H. Pathogenicity of hyphomycetes
against melolontha spp. Innsbruck: BIPESCO Project, Final Report (2003) p. 1-10.

44. European Food Safety Authority. Conclusion on the peer review of the pesticide
risk assessment of the active substance Metarhizium anisopliae var. anisopliae
BIPESCO 5/F52. EFSA ] (2012) 10(1):2498. doi: 10.2903/j.efsa.2012.2498

45. Strasser H, Forer A, Schinner F. Development of media for the selective isolation
and maintenance of virulence of beauveria brongniartii. In: Jackson TA, Glare TR,
editors. Proc. 3rd international workshop on microbial control of soil dwelling pests
(Lincoln, New Zealand) (1996). p. 125-30.

46. Riba G, Ravelojoana AM. The parasexual cycle in the entomopathogenic fungus
Paecilomyces fumosoroseus (Wize) brown and smith. Can ] Microbiol (1984) 30(7):922—
6. doi: 10.1139/m84-144

47. Enkerli J, Widmer F, Gessler C, Keller C. Strain-specific microsatellite markers
in the entomopathogenic fungus Beauveria brongniartii. Mycol Res (2001) 105
(9):1079-87. doi: 10.1016/S0953-7562(08)61970-X

48. Mayerhofer J, Lutz A, Widmer F, Rehner SA, Leuchtmann A, Enkerli J.
Multiplexed microsatellite markers for seven Metarhizium species. ] Invertebr. Pathol
(2015) 132:132-4. doi: 10.1016/j.jip.2015.09.006

49. Oulevey C, Widmer F, Kolliker R, Enkerli J. An optimized microsatellite marker
set for detection of Metarhizium anisopliae genotype diversity on field and regional
scales. Mycol Res (2009) 113(9):1016-24. doi: 10.1016/j.mycres.2009.06.005

50. Mayerhofer J, Enkerli J, Zelger R, Strasser H. Biological control of the European
cockchafer: persistence of Beauveria brongniartii after long-term applications in the
euroregion tyrol. BioControl (2015) 60(5):617-29. doi: 10.1007/s10526-015-9671-6

frontiersin.org


https://gd.eppo.int/taxon/POPIJA
https://gd.eppo.int/taxon/POPIJA
https://www.ecfr.gov/current/title-7/subtitle-B/chapter-III/part-301/subpart-F
https://www.ecfr.gov/current/title-7/subtitle-B/chapter-III/part-301/subpart-F
https://doi.org/10.1093/jisesa/iez023
https://fitosanitario.regione.lombardia.it/wps/portal/site/sfr/DettaglioRedazionale/organismi-nocivi/insetti-e-acari/popillia-japonica
https://fitosanitario.regione.lombardia.it/wps/portal/site/sfr/DettaglioRedazionale/organismi-nocivi/insetti-e-acari/popillia-japonica
https://www.regione.piemonte.it/web/temi/agricoltura/servizi-fitosanitari-pan/lotte-obbligatorie-coleottero-scarabeide-giappone-popillia-japonica-newman
https://www.regione.piemonte.it/web/temi/agricoltura/servizi-fitosanitari-pan/lotte-obbligatorie-coleottero-scarabeide-giappone-popillia-japonica-newman
https://www.regione.piemonte.it/web/temi/agricoltura/servizi-fitosanitari-pan/lotte-obbligatorie-coleottero-scarabeide-giappone-popillia-japonica-newman
https://www4.ti.ch/dfe/de/servizio-fitosanitario/organismi/coleottero-giapponese-popillia-japonica/
https://www4.ti.ch/dfe/de/servizio-fitosanitario/organismi/coleottero-giapponese-popillia-japonica/
https://doi.org/10.1146/annurev.en.36.010191.002123
https://doi.org/10.1603/EN10172
https://doi.org/10.1146/annurev.ento.47.091201.145153
https://doi.org/10.1093/jipm/pmz009
https://doi.org/10.1111/j.1365-2338.2006.01039.x
https://doi.org/10.1002/eap.1723
https://doi.org/10.1007/s11356-014-3277-x
https://doi.org/10.1098/rspb.2020.1265
https://doi.org/10.19263/REDIA-100.17.17
https://doi.org/10.1093/jee/tov176
https://doi.org/10.1146/annurev.en.39.010194.001453
http://www.iobc-global.org
https://doi.org/10.1016/j.jip.2015.07.009
https://doi.org/10.1016/j.biocontrol.2007.08.001
https://doi.org/10.3390/insects4030357
https://doi.org/10.1016/j.jip.2004.01.003
https://doi.org/10.1080/09583157.2011.566324
https://doi.org/10.1007/s00294-009-0254-x
https://doi.org/10.1007/s00294-009-0254-x
https://doi.org/10.1016/j.toxicon.2010.03.008
https://doi.org/10.1590/s0103-90162002000200010
https://doi.org/10.1080/09583159731090
https://doi.org/10.3929/ethz-a-000643446
https://doi.org/10.3929/ethz-a-000643446
https://doi.org/10.3929/ethz-a-000643444
https://doi.org/10.1016/j.jip.2003.08.003
https://doi.org/10.1023/B:BICO.0000036441.40227.ed
https://doi.org/10.1023/B:BICO.0000036441.40227.ed
https://doi.org/10.1093/jee/tow080
https://doi.org/10.7202/1028399ar
https://doi.org/10.1093/ee/23.2.502
https://doi.org/10.2903/j.efsa.2012.2498
https://doi.org/10.1139/m84-144
https://doi.org/10.1016/S0953-7562(08)61970-X
https://doi.org/10.1016/j.jip.2015.09.006
https://doi.org/10.1016/j.mycres.2009.06.005
https://doi.org/10.1007/s10526-015-9671-6
https://doi.org/10.3389/finsc.2023.1138427
https://www.frontiersin.org/journals/insect-science
https://www.frontiersin.org

Graf et al.

51. Fernandez-Bravo M, Gschwend F, Mayerhofer J, Hug A, Widmer F, Enkerli J.
Land-use type drives soil population structures of the entomopathogenic fungal genus
Metarhizium. Microorganisms (2021) 9:1380. doi: 10.3390/microorganisms9071380

52. Ramoutar D, Legrand AI, Aim SR. Field performance of Metarhizium anisopliae
against Popillia japonica (Coleoptera: scarabaeidae) and Listronotus maculicollis
(Coleoptera: curculionidae) larvae in turfgrass. J Entomol Sci (2009) 45(1):20-6.
doi: 10.18474/0749-8004-45.1.20

53. Strasser H, Erschbamer M. Effect of temperature on conidia germination and
vegetative growth of Metarhizium anisopliae. IOBC wprs Bull (2003) 26(1):117-20.

54. Jaronski ST. Soil ecology of the entomopathogenic ascomycetes: a critical
examination of what we (think) we know. In: Ekesi S, Maniania NK, editors. Use of
entomopathogenic fungi in biological pest management (Kerala, India:Research
Signpost) (2007). p. 1-53.

55. Keller S, Lomer CJ. “The BeauveriaMelolontha project: experiences with regard
to locust and grasshopper control”. Biol Control Locusts Grasshoppers ed (Wallingford.
UK: CAB International) (1992) 279-286.

56. Abbott WS. A method of computing the effectiveness of an insecticide. J Econ
Entomol (1925) 18:265-7. doi: 10.1093/jee/18.2.265a

57. Kaiser D, Handschin S, Rohr RP, Bacher S, Grabenweger G. Co-Formulation of
Beauveria bassiana with natural substances to control pollen beetles — synergy between fungal
spores and colza oil. Biol Contr (2019) 140:104106. doi: 10.1016/j.biocontrol.2019.104106

58. Krueger SR, Villani MG, Nyrop JP, Roberts DW. Effect of soil environment on
the efficacy of fungal pathogens against scarab grubs in laboratory bioassays. Biol Contr
(1991) 1:203-9. doi: 10.1016/1049-9644(91)90068-B

Frontiers in Insect Science

13

10.3389/finsc.2023.1138427

59. Baek S, Noh M, Mun S, Lee S, Arakane Y, Kim J. Ultrastructural analysis of
beetle larva cuticles during infection with the entomopathogenic fungus, Beauveria
bassiana. Pest Manage Sci (2022) 78:3356-64. doi: 10.1002/PS.6962

60. Kim H, Jeong S, Choi I, Yang J, Lee H, Kim J, et al. Mechanisms of insecticidal
action of Metarhizium anisopliae on adult Japanese pine sawyer beetles (Monochamus
alternatus). Amer. Chem Soci (2020) 5:25312-8. doi: 10.1021/acsomega.0c03585

61. Hinel H. The life cycle of the insect pathogenic fungus Metarhizium anisopliae
in the termite nasutitermes exitiosus. Mycopathologia (1982) 80:137-45. doi: 10.1007/
BF00437576

62. Zhang X, Yang Y, Zhan L. Ultrastructure of the entomopathogenic fungus
Metarhizium anisopliae during cuticle penetration in the locust, Locusta migratoria
(Insecto: acridida). J Orth. Res (2010) 19(1):115-9. doi: 10.1665/034.019.0117

63. Barzanti GP, Enkerli ], Benvenuti C, Strangi A, Mazza G, Torrini G, et al. Genetic
variability of Metarhizium isolates from northern Italy as a possible resource for Popillia
Jjaponica natural control. J Invertebrate Pathol (2023) :107891. doi: 10.2139/ssrn.4220991

64. Klein MG, Lacey LA. An attractant trap for autodissemination of entomopathogenic
fungi into populations of the Japanese beetle Popillia japonica (Coleoptera: scarabaeidae).
Biocontr. Sci Techn (1999) 9(2):151-8. doi: 10.1080/09583159929730

65. Benvenuti C, Barzanti GP, Marianelli L, Sabbatini Peverieri G, Paoli F, Bosio G,
et al. A new device for auto-disseminating entomopathogenic fungi against popillia
japonica: a study case. Bull Insectol (2019) 72(2):219-25.

66. Lacey LA, Amaral JJ, Coupland J, Klein MG, Simoes AM. Flight activity of
popillia japonica (Coleoptera: scarabaeidae) after treatment with metarhizium
anisopliae. Biol Contr (1995) 5:157-72. doi: 10.1006/bcon.1995.1020

frontiersin.org


https://doi.org/10.3390/microorganisms9071380
https://doi.org/10.18474/0749-8004-45.1.20
https://doi.org/10.1093/jee/18.2.265a
https://doi.org/10.1016/j.biocontrol.2019.104106
https://doi.org/10.1016/1049-9644(91)90068-B
https://doi.org/10.1002/PS.6962
https://doi.org/10.1021/acsomega.0c03585
https://doi.org/10.1007/BF00437576
https://doi.org/10.1007/BF00437576
https://doi.org/10.1665/034.019.0117
https://doi.org/10.2139/ssrn.4220991
https://doi.org/10.1080/09583159929730
https://doi.org/10.1006/bcon.1995.1020
https://doi.org/10.3389/finsc.2023.1138427
https://www.frontiersin.org/journals/insect-science
https://www.frontiersin.org

	From lab to field: biological control of the Japanese beetle with entomopathogenic fungi
	1 Introduction
	2 Material and methods
	2.1 Fungal strains
	2.2 Meadow field experiments
	2.2.1 Fungal inoculum
	2.2.2 Sampling

	2.3 Soybean field experiment
	2.3.1 Fungal inoculum
	2.3.2 Sampling

	2.4 Laboratory inoculation experiments
	2.4.1 Insects
	2.4.2 Spore suspensions
	2.4.3 Experimental procedure
	2.4.4 Genetic analysis

	2.5 Data analysis

	3 Results
	3.1 Meadow field experiments
	3.2 Soybean field experiment
	3.3 Laboratory inoculation experiments
	3.3.1 Mortality
	3.3.2 Mycosis


	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


