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Introduction

The Japanese beetle, Popillia japonica, Newman, 1841, (Co-
leoptera: Scarabaeidae) is an invasive pest to North America and 
Europe. Their larvae are typical “grubs”, with a creamy white and 
c-shaped body and a yellowish brown head, with strong, dark-col-
ored mandibles. They look similar to native grubs in the invaded  

 
areas and are only identifiable to species level with the help of a 
stereomicroscope. The adult beetle has bright coppery-brown el-
ytra and a shiny metallic pronotum and head. A row of white tufts 
on each side of the abdomen is characteristic for this species, and 
is easily visible with the naked eye (Figure 1).

Abstract 

The Japanese beetle, Popillia japonica, is a minor pest in Japan but has become a serious invasive species in several parts of the world, causing 
damage in a variety of crops and high costs for its control. Many different methods of control have already been applied, including chemical and 
cultural measures, as well as mass-trapping. The efficacy of biological control attempts, using parasitoids, nematodes, fungi, or bacteria has also 
been discussed especially with regard to added value of lower ecological impact. The effect of Bacillus thuringiensis (Bt) treatments is usually 
attributable to the proteins accumulated in the parasporal body of the bacteria. In this context, a study was conducted to assess the insecticidal 
activity against P. japonica of the Bt 3-domain non-parasporal body accumulated Cry1Ia protein, and the structurally distant Bt proteins Mpp23Aa 
and Xpp37Aa. Their activity was tested against P. japonica larvae using a leaf-dip protocol, and only the Cry1Ia showed some activity. The results 
suggest that additional studies on Bacillus proteins are needed for developing new biological control strategies against P. japonica. 
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Figure 1: P. japonica larva last instar (L3) (left side) and adult (right side). The larva has a size of about 3 cm and the adult is about 1 cm. 
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Third instar larvae overwinter in the soil and re-start feeding 
for four to six weeks before they start pupating in late April. Adults 
emerge from mid-May onwards, and the peak swarming period is 
usually reached in the first half of July. A female lays about 40 to 
60 eggs in its average lifespan (30-45 days), and first instar larvae 
appear from August onwards. The life cycle is usually completed 
within a year [1]. The larvae feed on the roots of grasses and herbs 
and can be found in any kind of grassland [2]. They are, howev-
er, most abundant in regularly irrigated lawns and golf courses. 
Adults are very polyphagous and have been described as feeding 
on the leaves, flowers, buds and fruits of at least 300 species of 
plants from 79 plant families [3].

P. japonica originates from Japan, as its name suggests, and is 
a minor pest in its native range because natural enemies suppress 
populations and the terrain is generally unsuitable for larval devel-
opment [4]. Unintentional, human-assisted transport likely played 
a role for its invasion of North America, where it established suc-
cessfully about hundred years ago. High population densities of 
P. japonica in suitable habitats caused severe damage and enor-
mous costs for control that are estimated to exceed $460 million/
year. Consequently, P. japonica was declared a quarantine pest 
by USDA/APHIS [5]. Large parts of Eastern Asia, Europe, South 
America, sub-Saharan Africa, New Zealand, and Australia are con-
sidered as suitable for the Japanese beetle and the area at risk may 
even be enlarged in the course of the global climate change [6]. In 
fact, P. japonica is a pest of quarantine concern worldwide.

The Japanese beetle was already found on European territory 
decades ago, in the Azores islands in the 1970s, but has only re-
cently reached continental Europe in 2014 [7]. It is an A2 quaran-
tine organism in the EPPO region [8], which means that the pest is 
present but not widely distributed. The damage potential and eco-
nomic importance of the Japanese beetle have triggered intensive 
studies on various means of control. Treating susceptible plants 
with carbamates, organophosphates, or more recently, pyrethroid 
insecticides [9] has been effective. More recently, the ban of per-
sistent insecticides pushed research about other methods such as 
mass trapping [4,9,10]. In addition, the application of biological 
control has been investigated in detail, including the use of para-
sitoids (Tiphia spp.) [11], entomopathogenic nematodes (genera 
Steinernema and Heterorhabditis) [12], entomopathogenic fungi 
(Metarhizium spp.) [13] and bacteria (Bacillus spp.) [14]. Spores 
of Paenibacillus (=Bacillus) popilliae were found to be the primary 
causal agent of milky disease in P. japonica, and several proteins 
accumulated in the parasporal body of Bacillus isolates (called Cry 
proteins) have proven toxicity [15]. Extensive screening of differ-
ent strains led to the discovery of new Cry proteins with toxicity to 
Coleopteran pests, such as proteins from the family Cry1I and the 
ones codifying in a single operon Mpp23 and Xpp37 (called Cry23 
and Cry37 in the old nomenclature).

Test insects for this study were collected in an irrigated maize 
field in the north Italian region of Piedmont, close to the village 
of Mottalciatta (45°31’24.7”N 8°12’30.7”E) in September 2022. 

Third instar larvae were removed from soil between roots of 
maize stalks, isolated in six-well plates and provided with peat as 
substrate and a carrot slice as food. They were stored in a clima-
tized quarantine chamber at 23°C, 60% humidity and a day-night 
cycle of 16:8 h until use in experiments.

Protoxins from a Cry1Ia were prepared as described by Khor-
ramnejad et al. [16], using the same transformed Escherichia coli 
strain containing cry1Ia38 allele. This 3-domain Cry protein is 
excreted into the medium instead of being accumulated in the 
parasporal body, and showed dual toxic activity against some spe-
cies of Lepidoptera and Coleoptera. The other proteins (Mpp23 
and Xpp37) can be found in the Bt parasporal body but show sec-
ondary structures different to other 3-domain Cry proteins. Both 
proteins were considered a binary toxin but their effect in a study 
with Cylas puncticollis was additive [17]. The Mpp23 and Xpp37 
proteins were prepared from the EG10327 strain, which express-
es Mpp23Aa1 and Xpp37Aa1, following Rodríguez-González et al. 
[18]. The solubilized Bt proteins were analyzed by SDS-PAGE and 
quantified by the Bradford method [19]. The preparations were 
frozen at -20 oC for transport and defrosted for the bioassays.

A modification of the leaf-dip protocol described by Ruiz de 
Escudero et al. [20] was used in the experiment, since the study 
was conducted with the soil-dwelling larvae of P. japonica. Carrots 
were cut into 1 cm slices (2,5 cm2 surface) and 100 µl of toxin solu-
tion (1 mg/ml) or buffer was applied topically to the slices and 
then left to dry for 1 h in a sterile bench. Afterwards carrot slices 
were turned around and the procedure repeated (application of 
200 µl/slice or 40 µg/cm2). Inoculated carrot slices were put singly 
into small cups (Tube PS 90 ml, Semademi Plastics Group), filled 
with moist peat and containing single third instar larvae of P. ja-
ponica. After a week of incubation in the quarantine chamber (see 
above), the inoculated carrot slices were removed, and exchanged 
with untreated slices if the larvae were still alive. Mortality of lar-
vae was checked weekly during a period of eight weeks and old 
carrots were exchanged weekly for fresh ones in cups with living 
larvae. Larval mortality for each observation date was corrected 
using Abbott’s formula [21] and the mean value and the standard 
error of the mean were obtained. 15 cups/ larvae were used per 
treatment, and the whole experiment was performed twice.

The mean mortality in controls (carrots treated with buffer) 
was lower than 20% during the observation period. Mortality in 
insects treated with toxin-inoculated carrot slices showed differ-
ent responses related to the toxin applied (Figure 2).

Treatments with Mpp23Aa and Xpp37Aa toxins exhibited 
no difference to the control, but Cry1Ia treatments showed an 
increase in mortality up to a value of 23%. Statistical regression 
analysis confirmed no significant differences in mortality of the 
control and the Mpp23Aa and Xpp37Aa treatment (r2=0.03, slope 
not significantly different from 0, F= 0.08, df= 1,6, P=0.78). The 
Cry 1Ia treatment did not show a significant difference in mortal-
ity to the control at the end of the treatment (Fisher’s exact test, 
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P=0.15), probably due to the variability between the replicates, 
but the regression analysis was significant (r2=0.77, slope signifi-
cantly different from 0, F= 22, df= 1,6, P=0.04) with slope values of 

0.27±0.06 %mortality/day post-treatment. This indicates a toxic-
ity of the Cry1Ia to P. japonica larvae, even though it is low when 
considering the high application dose.

Figure 2: Corrected mortality of 3rd instar larvae of P. japonica after exposure to Cry1Ia (blue) or Mpp23Aa and Xpp37Aa (red) toxins, applied 
on carrot slices. Symbols and bars represent the mean and the standard error. Lines correspond to the estimated regression for each toxin.

Lepidoptera have been used more extensively than Coleoptera 
for tests with Bacillus insecticidal proteins, probably due to the 
different biology of the insects which facilitates the toxicological 
study in the former compared to the latter. Nevertheless, several 
proteins from the 3-domain types (i.e. Cry1, Cry3, or Cry7) and 
other types (i.e. App6, Mpp34, Xpp35) have shown high efficacy to 
control certain species of Coleoptera. Beetles of the Scarabaeidae 
family have shown high susceptibility to several types of 3-domain 
Cry8 protein, including P. japonica [15]. The same is true for other 
types of Bacillus proteins with different molecular structures, in-
cluding a mixture of Mpp23Aa and Xpp37Aa [15]. The results of 
the present work did not confirm the previously reported toxicity 
of these proteins to P. japonica. This may have methodological rea-
sons, e.g., the modified bioassay protocol, or biological ones, e.g., 
different susceptibility towards the toxic proteins depending on 
the pest’s developmental stages. Interestingly, the Cry1I protein, 
which has never been tested before against P. japonica, exhibit-
ed some toxicity against Japanese beetle larvae. Testing different 
variants of this protein may open up an interesting resource for 
future biocontrol applications against P. japonica.

Conclusion

The Japanese beetle, P. japonica, is a globally important inva-
sive pest with a broad host range and a high capability to dam-
age many different crops. Since synthetic pesticides are most-
ly unavailable, there is a dire need for environmentally friendly 
methods to control this pest and prevent or at least slow down 
its spread in continental Europe. Bacillus strains expressing in-

secticidal proteins are an interesting option for biological control 
of P. japonica. The uncommon proteins Cry1Ia, Mpp23Aa, and Xp-
p37Aa tested in the present work did not enhance Japanese beetle 
larval mortality significantly, and additional screening efforts are 
needed to obtain more effective toxins.
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