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ABSTRACT
Root-feeding Scarabaeidae, particularly white grubs are considered among the most harmful
coleopteran insect pests in turfgrass. In this work, sixteen entomopathogenic fungal species
were assayed against flower chafer beetle, Protaetia brevitarsis (Coleoptera: Scarabaeidae)
and Metarhizium anisopliae JEF-314 showed high virulence. The control ability of the isolate
JEF-314 has been in detail tested for a model insect flower chafer beetle. Further analyses
showed insect stage-dependent virulence where the fungal virulence was the highest
against smaller instar larvae. Additionally, we confirmed that millet-based solid cultured
granule was effective against the soil-dwelling larval stage. The isolate also showed a similar
ability for a representative pest (Popillia spp.) in laboratory conditions. Our results clearly
suggest a high potential of M. anisopliae JEF-314 to control the flower chafer beetle, possibly
resulting in controlling of root-feeding white grubs in turfgrass. Based on the insect life cycle
and susceptibility to the fungus, late spring and summer time would be the optimum time
to apply JEF-314 granules for an effective control. Further characterization of the efficacy of
the fungus under field conditions against the Scarabaeidae beetles might provide an effi-
cient tool to control this beetle in an environment-friendly way.
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1. Introduction

Most of Scarabaeidae species (Coleoptera:
Scarabaeidae) represent important pests in agricul-
ture, forestry, and horticulture when they occur in
high density [1]. Among them, the root-feeding
white grubs are considered the most destructive spe-
cies in turfgrass. Major turfgrass-damaging white
grubs are brown chafer (Adoretus tenuimaculatus),
oriental beetle (Blitopertha orientalis) and Japanese
beetle (Popillia japonica). In general, and similarly
to most white grubs, they have one generation per
year where the larval stage is the most harmful,
feeding on plant roots between spring and fall
before pupation [2]. Infestations of the larvae can
damage a variety of agricultural and horticultural
crops and warm and cool season grasses [3]. The
subterranean habitats of these white grubs make
them especially difficult to control because insecti-
cides applied to the surface must move into the
soil [4].

Currently, chemical insecticides are the primary
pesticides used to control these beetles. Even though
they provide effective preventive and early curative

control against larval stages, their application nega-
tively affects hymenopteran parasitoids of the bee-
tles. Moreover, neonicotinoids are in general mixed
with pyrethroids that have an extremely broad active
spectrum resulting in negative effects on the insects’
natural enemies [3]. Furthermore, those chemical
pesticides persist in the environment contaminating
soil, wetlands, ground water, non-target plants and
vertebrate prey in addition to human diets [5,6].
Due to the lack of efficient safe management strat-
egies for these beetles and the harmful effects of the
available chemical pesticides, alternative control
strategies are needed. Natural insect pathogens
could represent an effective and environmentally
safe alternative, particularly soil-borne entomopa-
thogenic fungi. Such fungi naturally colonize in
soils, plant roots as rhizosphere colonizers, other
plant parts as endophytes and insect pests [7]. In
particular, Metarhizium anisopliae is distributed
worldwide and is a natural pathogen to coleopteran
insects [8]. Since the isolation and identification of
this fungal species around 140 years ago, it has
become one of the important microbial agents used
for control of many pests all over the world. Indeed,
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most of the commercial formulations of fungi-based
pesticides belong to 5 species, with two-thirds of
them based on M. anisopliae and Beauveria bassi-
ana [9,10].

In addition to the availability of commercial
strategies to produce M. anisopliae-based pesticides
and the high infectivity of this fungi to coleopteran
species, it represents an environmentally friendly
alternative since it has no effect on plants and only
minor effects on soil organisms [8]. These factors
together render the fungus an interesting alternative
for control of white grubs. In this context, we aimed
to characterize a candidate M. anisopliae isolate as
an alternative to control these insect pests.
Nevertheless, due to difficulties in rearing and main-
taining the target Scarabaeidae beetles in laboratory
conditions, we used the white spotted flower chafer,
Protaetia brevitarsis as an insect model in the pre-
sent study. This species is widely distributed in
Korea, Japan, China, Taiwan and some parts of
Europe [11,12]. Its life cycle comprises the embryo,
larva, pupa, and imago stages, of which the larval
stage is the longest and is the stage when the insect
feeds and stores energy for the rest of the life cycle
[13]. Depending on habitat conditions, adults can be
observed in Korea from May to October with great-
est abundance in July. They are gregarious and diur-
nal insects that overwinter as third instar larvae in
the soil [11]. Herein, we described an isolate of M.
anisopliae and characterized its insecticidal potential
against the white-spotted flower chafer in laboratory
conditions. Lastly, we assessed the millet-based solid
cultured granules to investigate its ability to reach
the soil-dwelling larvae and built a theoretical model
of its application in the fields.

2. Materials and methods

2.1. Fungal strains

The studied fungal species, belong to the Jeonbuk
National University Collection of Entomopathogenic
Fungi (JEF), Korea, except for the isolates ERL1578
and ERL836 of Beauveria bassiana that were pro-
vided by the Entomology Research Laboratory,
University of Vermont, Burlington, VT, USA. The
fungal species and isolates were cultured and main-
tained on one-quarter strength Sabouraud dextrose
agar (1/4 SDA; Difco, Lawrence, KS, USA) in the
dark at 25 �C for colony growth. To identify the
Metarhizium anisopliae JEF-314 (Public number in
National Agricultural Biotechnology Information
Center: NU-1005-00001 and Patent number: 10-
2017-0018944), internal transcribed spacer (ITS)
region and beta-tubulin (b-tubulin) gene were
amplified using primers ITS1 (forward: 50-TCC
GTA GGT GAA CCT GCG G-30) and ITS4

(reverse: 50-TCC TCC GCT TAT TGA TAT GC-30)
and Bt1F (forward: 50- GGT CCC TTC GGT CAG
CTC TTC C-30) and Bt1R (reverse: 50-CAG CCA
TCA TGT TCT TAG GGT C-30). The PCR products
were sent to the sequencing service company
(Macrogen, Seoul, Korea) for direct sequencing and
submitted to NCBI data base (ITS, MN704643;
b-tubulin, under registration). The isolated fungus
was further characterized under a stereomicroscope
(Nikon SMI745T; Nikon Corp., Tokyo, Japan) and
conidiogenesis and spores were observed under an
optical microscope (Primo Star; Carl Zeiss,
G€ottingen, Germany).

2.2. Insects

Flower chafer beetles were provided by National
Institute of Agricultural Sciences, Rural
Development Administration, Korea (www.rda.go.
kr). They were reared in fine wood chips at
25 ± 2 �C and 50-60% relative humidity (RH) in a
chamber (30� 20� 25 cm) with a 16:8 (L/D) photo-
period. Insect jelly (Chungam beetle jelly, Korea)
was used as feed for the adults. Turfgrass-damaging
white coleopteran larvae (TWC; Popillia spp.
(Scarabaeidae)) were collected under the grass of a
golf course in Naju-si, Jeollanam-do, Korea
(34�52001.700N 126�47020.800E) in October 2019 and
immediately used for the experiment.

2.3. Determination of culture time for conidial
attachment on test larvae

The JEF-314 isolate was cultured in 1/4 SDA
medium for either 7 or 14 days at 25 ± 1 �C.
Afterward, five larvae were added to each culture
plate. Seven days after treatment, individual infected
larvae were placed into Eppendorf tubes containing
1ml of 0.03% siloxane solution as a standard surfac-
tant, then vortexed to liberate larva-attached conidia
into the surfactant solution. The conidia concentra-
tions were counted using a hemocytometer under a
microscope. Three biological replicates were
performed.

2.4. Phylogenetic analysis

The sequences (ITS and b-tubulin) of the M. aniso-
pliae isolate JEF-314 and 30 homologous sequences
of various Metarhizium species, obtained following
NCBI blast (http://www.ncbi.nlm.nhi.gov) of the
sequenced JEF-314 (Supplementary Table S1), were
aligned using ClustalX software [14] and visualized
with the GeneDoc program [15]. Evolutionary dis-
tances were calculated for aligned sequences by the
Maximum-Likelihood method [16] and the
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phylogenetic tree was constructed using the MEGA6
program [17]. One thousand replicates were ana-
lyzed by bootstrap analysis.

2.5. In vitro fungal virulence assay

Sixteen fungal species, Beauveria bassiana (JEF-006,
JEF-007, ERL836 and ERL1578), Beauveria brong-
niartii, Clonostachys rogersoniana, Cordyceps milita-
ris, Isaria fumosorosea, Lecanicillium attenuatum,
Metacordyceps brittlebankisoides, Metacordyceps taii,
Metarhizium anisopliae (JEF-314), Metarhizium
brunneum, Metarhizium figidum, Metarhizium lepi-
diotae, Paecilomyces javanicus, Paecilomyces lilaci-
nus, Pochonia bubillosa and Pochonia suchlasporia,
were used to screen for virulence against the chafer
beetle. Five third instar larvae were placed in direct
contact with 4 g of each fungal granule in insect
breeding dishes. The breeding dishes were humidi-
fied adding 1ml distilled water each day and larvae
mortality was recorded daily for 12 days.

For further characterization of M. anisopliae JEF-
314 virulence, the fungus was cultured on 1/4 SDA
at 25 ± 1 �C for 14 days. Eggs, larvae and adults of
the flower chafer beetle, received from the National
Academy of Agricultural Science, RDA (Rural
Development Administration), Korea, were collected
from rearing cages. Five flower chafer beetles were
exposed to the fungal-cultured plates for 1 h at
room temperature, then transferred to a 90� 15mm
Petri dish with filter paper (Whatman) previously
humidified with 1ml of sterilized water. Finally,
Petri dishes, containing infected insects or non-
treated insects, were kept at 25 ± 1 �C and 40 ± 10%
relative humidity. The bioassays were replicated
three times for all stages. The hatching eggs or sur-
vival of the different developmental stages were
recorded daily for 7 days. Three biological replicates
were performed.

Injection bioassay of JEF-314 was conducted to
justify the use of flower chafer beetles as model
insect for root-feeding coleopteran larvae. Conidial
suspension of the isolate JEF-314 was obtained by
scraping with 0.03% siloxane solution from a two-
week-old 1/4 SDA plate and adjusted to 1� 107

conidia/ml using a hemocytometer. Each flower cha-
fer beetle and TWC larvae were injected with a
20 ml of the conidial suspension using a 1ml syringe
(REF301321; BD, Singapore), then transferred to a
90� 15mm Petri dish as mentioned above.
Fermented sawdust was supplied as a food source.
The 0.03% siloxane solution was used as control
and the insects were checked daily for mortality.
The bioassay was repeated three times and 10
insects were used per replicate.

2.6. Solid culture for preparation of
fungal granules

The efficacy of M. anisopliae JEF-314 fungal gran-
ules was tested in different types of granules to
finally produce the fungus on Italian millet (Setaria
italica), as previously described [18]. Briefly, 200 g
of Italian millet was placed in a polyethylene bag
(22 cm width � 32 cm length). Then 100ml of steri-
lized water supplemented with citric acid (320 ml of
50% stock solution) was added. The Italian millet
was placed in a microwave for 5min, followed by
autoclaving at 121 �C for 15min. After cooling, 1ml
of fungal liquid culture of the isolate was inoculated
into Italian millet. The polyethylene bags were held
at 25 ± 1 �C with a 16:8 (Light: Dark) photoperiod
for two weeks. After cultivation, the cultured millet
was dried at room temperature for 2 days to less
than 10% moisture.

2.7. Virulence assay of JEF-314 granules

M. anisopliae JEF-314 granule formulation was tested
for efficacy against the flower chafer beetle soil-dwell-
ing larvae. About 50 g of nursery bed soil was placed
in a plastic cup (11.5 cm diameter and 8.0 cm height),
onto which 10 flower chafer beetle larvae were let to
dwell in the soil. After 1 h, 0.5 g, 1 g or 3 g of the fun-
gal granules were applied to the surface of soil. The
plastic cups were covered with plastic cover with
meshes to keep the humidity. This assay was con-
ducted at 25±2 �C. Each treatment was replicated
three times, and larvae were monitored for 16days
after treatment. Mortality was recorded each day, and
three biological replicates were performed.

2.8. Data analyses

In all the experiments including the conidia produc-
tion assay and the percentages of live insect (No. of
live insects/No. of infested insects) were arc-sine trans-
formed to produce normally distributed data. These
data were analyzed using a generalized linear model
(GLM). The overall analyses were followed by Tukey’s
honestly significant difference (HSD) test for multiple
comparisons. All the analyses were conducted using
the SPSS program version 12.0 (SPSS, Inc., Chicago,
IL, USA) at the 0.05 (a) level of significance.

3. Results

3.1. Virulence of fungal species against P.
brevitarsis larvae

Sixteen entomopathogenic fungi species were
screened for pathogenicity against the flower
chafer beetle. Only four of them showed certain
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virulence: M. taii killed 60% of the treated larvae, C.
rogersoniania killed 50%, M. brittlebankisoides killed
40% and M. anisopliae killed all the treated larvae,
suggesting that the latter species has great potential
for chafer beetle control (Figure 1(A,B)). According
to the obtained results, we chose M. anisopliae JEF-
314 to better characterize its insecticidal potential
against P. brevitarsis. In addition, the M. anisopliae
JEF-314 was confirmed to have similar virulence to
the chafer beetle and TWC larvae (F15,48¼ 5.498;
p> 0.001) (Figure 1(C)). The isolate showed 100%
and 66% insect mortality in the chafer beetle and
TWC larvae after 4 days of injection. It is worth
noting that the screening was performed as a unique
replication to obtain preliminary data on the infect-
ivity of the largest possible number of fungi species
to finally select the most effective species for
detailed virulence characterization against the cha-
fer beetle.

To perform further in vitro virulence assays, we
studied the optimum fungal culture time for conidia
production. No or very limited conidia production
was obtained in the 7-day fungi culture compared to
conidia production ranging from 2.08±2.72� 107 to
3.1 ± 4.17� 107 conidia per ml for all analyzed spe-
cies cultured for 14days (Supplementary Figure S1).
Therefore, we decided to use 14-day cultured fungi
for further virulence assays.

3.2. Identification of M. anisopliae JEF-314

The ITS and b-tubulin of the identified isolate were
sequenced and subjected to blast analysis. The blast
analyses and morphological characteristics unam-
biguously showed that the studied fungus is M. ani-
sopliae isolate. Conidia of the fungus were whitish
but later turned to green in color and cylindrical in
shape. Its phialides were cylindrical and had short

Figure 1. Screening of entomopathogenic fungi against P. brevitarsis. (A) Virulence of different entomopathogenic fungal spe-
cies and isolates against larvae; (B) Photographs showing P. brevitarsis larva mycosis 7 days after treatment with the highly
infective species M. anisopliae JEF-314 compared to non-treated larva; (C) Virulence of the JEF-314 against P. brevitarsis and
turfgrass-damaging white coleopteran larvae.
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narrow necks (Figure 2(A)). Further phylogenetic
analyses clearly revealed the isolate JEF-314 grouped
with the reference sequences of M. anisopliae
(Figure 2(B)). Based on morphological and molecu-
lar sequence analyses, the isolate JEF-314 was identi-
fied as M. anisopliae.

3.3. Stage-dependent virulence of M. anisopliae
JEF-314 against flower chafer beetle

With a goal of characterizing the virulence of the iso-
late JEF-314 of M. anisopliae, we analyzed its infectivity
against all developmental stages of the flower chafer
beetle P. brevitarsis seulensis. The fungus drastically
decreased the percentage of hatching eggs (F1,44¼6.405;
p¼ 0.015) from 86.67±23.09% to 33.33±23.09%
(Figure 3(A)). In the case of larvae, the fungus was
highly virulent to first, second and third instar larvae,
with 7-day killing percentages of 86.67±8.78%
(F1,46¼18.37; p< 0.0001), 86.67±8.78% (F1,46¼9.404;
p¼ 0.004) and 73.33±11.42% (F1,5¼16.236; p¼ 0.01;
statistics for 7 days after treatment), respectively (Figure
3(B–D)). Meanwhile, 80% of the adults used in the
bioassay survived until the end of the toxicity assay
being highly tolerant to the isolate (Figure 3(E)).

3.4. Granular application of JEF-314 against soil-
dwelling larvae

Second instar larvae were used to assess the efficacy
of application of the isolate in soil following the

application of different amounts of the fungus gran-
ules (Figure 4(A)). The results showed that the high-
est tested concentration, corresponding to 3 g grains
added to 50 g nursery bed soil, was highly toxic to
the beetle larvae, killing 66.39 ± 12.22% (F1,34¼7.286;
p¼ 0.011) of the total larvae 15 days after treatment.
However, the larvae were tolerant to lower doses
corresponding to 0.5 g or 1 g grains placed in 50 g
soil (Figure 4(B)). These results suggest the fungus
was successfully released from the millet grains and
reached the soil-dwelling larvae with killing them in
a dose-dependent manner.

4. Discussion

In this work, we characterized the fungus M. aniso-
pliae JEF-314 following screening of various ento-
mopathogenic fungi for virulence against P.
brevitasis. We showed that this isolate is highly viru-
lent to the beetle larvae and inhibits the insect egg
hatching in laboratory experimental conditions.
Larval stages are the longest of the insect life cycle,
where the insect feeds on various sources of decay-
ing cellulose, including roots of grass and weed, rice
straw and Oakwood [13]. The subterranean habitats
of the white grubs, make them difficult to control
since applied insecticides have to move into the soil.
In addition, repeated application of certain insecti-
cides into the soil results in increased biodegrad-
ation by soil microorganisms resulting in reduced
residual effectiveness [19,20]. In general,

Figure 2. Characterization of the isolate JEF-314 of M. anisopliae. (A) Morphological characterization of the JEF-314 isolate: M.
anisopliae cultured 14 days at 25 �C on a one-quarter strength SDA plate and Microscopic observation of the 14 days cultured
fungus under a stereoscopic microscope (�40); 5 days conidiogenesis and 7 days conidia microphotographs under the optical
microscope, respectively (�400); (B) Phylogenetic trees of the isolate JEF-314 and other Metarhizium isolates based on ITS and
beta-tubulin sequences. Evolutionary distance was calculated for aligned sequences by Maximum Likelihood analyses.
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Figure 3. Stage-dependent virulence of M. anisopliae JEF-314 against Protaetia brevitarsis seulensis. (A) Percentage of hatching
eggs following infection with JEF-314. a and b denote significant differences; (B–D) Survival curves of first, second and third
instar larvae infected with JEF-314, respectively; a and b denote statistically significant differences and � and �� refers to
p< 0.05 and p< 0.001 respectively; (E) Survival curve of infected adults. The photographs in the various graphs show the
infection symptoms of the different development stages of the insect caused by M. anisopliae JEF-314 compared to non-
infected eggs or larvae, 7 days after treatment, as well as the puparium formed by pupae (F). In the case of treated eggs, we
show the mycosis of the freshly hatched larva from the infected egg.

Figure 4. Efficacy of different quantities of the fungi granules against the dwelling second instar larvae of the flower chafer
beetle. (A) Experimental procedure for the employed assay; (B) Survival curves of larvae treated with different quantities of
the granule-based formulation.
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management of white grubs, depends on the ability
of the pesticide to reach the soil-dwelling larvae and
on a combination of cultural and chemical tools
aimed to maintain the beetle populations below eco-
nomic damaging level. For this purpose, organo-
chlorine pesticides such as DDT, which residues
persist long-term in the environment and are harm-
ful to non-target organisms and human beings, have
long been used. Following the ban of DDT, carbon-
ate and phosphate-based insecticides have become
important candidates to manage the beetles. Even
though they are less persistent in the environment,
they are as toxic and have been proven difficult to
use for scarab larvae [1]. An attractive alternative is
the use of entomopathogenic fungi, with no or min-
imal negative effects to human health and the envir-
onment. These insect pathogens often cause
epizootic outbreaks in nature and are very effective
since they directly penetrate the insect cuticle and
can therefore be used as contact insecticides [21,22].
In addition to being environmentally-friendly, the
price of commercial Metharizium spp. is similar to
that of conventional chemical insecticides [22].

In this work, we used the spotted flower chafer
beetle as an insect model because it is easily reared
in laboratory conditions. In addition, even though
this insect is generally considered for its use in
Korean traditional medicine and for nutritional
affinities, some reports in China point to the fact
that it can be considered a pest as well. For instance,
the increase of this insect population in China
resulted in extensive damage to sweet corn [23].
Our results indicate that M. anisopliae was the most
effective against the flower chafer beetle in compari-
son to other entomopathogenic fungal species.

Various reports have shown that M. anisopliae is a
soil-borne fungus abundant in field soils [24,25],
which might reflect their possible pathogenicity
against white grubs colonizing underground habi-
tats. The differences in susceptibility between M.
anisopliae JEF-314 and the other tested species
might reflect differences in the infection process and
insect-fungi interactions. Recently, significant
insights into the molecular mechanisms underlying
the fungal infection and specificity have resulted in
a description of specificity-related genes [26,27].
Therefore, characterization of the mechanisms
underlying the pathogenicity of the isolate JEF-314
against the chafer beetle will help identify the fun-
gus virulence determinants that are specific to this
species and absent in other entomopathogenic fun-
gus. Further experiments showed that eggs and lar-
val stages are particularly susceptible to our newly
described M. anisopliae isolate JEF-314, whereas the
adults were not susceptible. Pupae were excluded
from the assays since the grubs form oval earthen
cells to pupate, blocking contact with the fungi
(Figure 3(F)). M. anisopliae is known to exhibit
varying levels of mortality against Scarabaeidae spe-
cies [28]; thus, characterization of highly infective
isolates is of great importance for development of
biological tools to control those insects. M. aniso-
pliae represents an attractive alternative to control
soil-dwelling grubs, both because of its high viru-
lence and because it represents an eco-friendly tool
to control those insects in agricultural spaces or turf
grass. The fungus was shown to not be phytopatho-
genic, to have no or low virulence against other soil
organisms and the level of conidia entering the

Figure 5. Suggested model for application of the isolate M. anisopliae JEF-314 in the field to control the flower chafer beetle.
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water is unlikely to pose any hazard to aquatic
organisms [8,29].

Our results showed that application of fungal
granules is highly effective against the insect larvae.
The fungus was successfully released from the grains
and could reach the dwelling larvae. Indeed, granule
formulations have been shown to be highly effective
for beetles control [2,30]. Therefore, we highly rec-
ommend applying fungi-formulated granules in late
spring and summer seasons, when the beetle lay
eggs and the first larval stage start hatching, since
this is when the insects are highly susceptible to the
fungus (Figure 5). Similar suggestions have been
made for the June beetle Popyphylla fullo infected
with either B. bassiana or M. anisopliae [31] sug-
gesting that our model might be used to control a
number of economically important turfgrass-infest-
ing beetles that share the same life cycle such as the
Japanese beetle and June beetles. An important fac-
tor to control the beetle population is the persist-
ence of the applied formulation in the environment,
since the fungus has to persist long enough to infect
the target insect. Indeed, the fungal application to
the soil is more likely to confer protection from UV
rays and high temperatures in addition to providing
conditions of relative high humidity, favoring fungal
survival and germination. In the particular case of
M. anisopliae JEF-314, we recommend application
of millet-based granule formulation which provides
nutrition for the fungus increasing its persistence
[21]. In this context, our previous data suggested
that millet granules support high conidia production
and high thermal tolerance of fungal species [32].
Moreover, several reports showed that M. anisolpiae
persist long enough to reach and infect the host and
are able to persist up to 3 years in the soil [33–35].
Entomopathogenic fungi-based granule formulations
may provide an advantage over other commercial
biological pesticides due to low production cost
because of increased production quantities com-
pared to fermentation production. The reduced cost
is also associated with availability of commercial
equipment and shorter process time [30].

Due to the lack of efficient control strategies of
the white grubs, we analyzed the potential of a M.
anisopliae JEF-314 to infect the chafer beetle. The
results of the performed bioassays showed a clear
stage-dependent virulence and suggest that granule
formulation of M. anisopliae JEF-314 would be a
successful tool to control the beetles when applied
at a time corresponding to oviposition and egg
hatching. It is likely that the entomopathogenic
fungi are highly effective against beetles in general
since they can reach soil-dwelling larval stages and
act as contact insecticides. However, knowledge of
the beetle life cycle and habitat conditions is

necessary to assess the optimum application time
corresponding to the most susceptible developmen-
tal stage. Our data and similar systemic studies are
indispensable to solve the control problems associ-
ated with soil-dwelling beetles not significantly
impacted by other control agents.
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