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ABSTRACT Bacillus thuringiensis serovar japonensis strain Buibui has the potential to be an im-
portant control agent for pest scarabs. Bioassays were designed to test B. t. japonensis against two of
the major turf and ornamental scarab pests infesting turfgrasses and ornamentals and to serve as a basis
for further tests against other scarab pests. LC and LD50 values of B. t. serovar japonensis strain Buibui
toxin and spores were determined by four different bioassays for the oriental beetle,Anomalaorientalis
(Waterhouse), and northern masked chafer,Cyclocephala borealisArrow. Oriental beetle larvae were
bioassayed in autoclaved and nonautoclaved soil from where they were collected (Kingston, RI
[native]), in nonautoclaved soil from where the northern masked chafer larvae were collected
(Groton, CT [foreign]), and per os. Northern masked chafer larvae were bioassayed in autoclaved
and nonautoclaved soil from where they were collected (Groton, CT [native]), in nonautoclaved soil
from where the oriental beetle larvae were collected (Kingston, RI [foreign]) and per os. LC50 values
of 3.93 �g toxin/g autoclaved native soil, 1.80 �g toxin/g nonautoclaved native soil, and 0.42 �g toxin/g
nonautoclaved foreign soil and an LD50 value of 0.41 �g per os were determined at 14 d forA. orientalis.
LC50 values of 588.28 �g toxin/g autoclaved native soil, 155.10 �g toxin/g nonautoclaved native soil,
265.32 �g toxin/g nonautoclaved foreign soil, and LD50 of 5.21 �g per os were determined at 14 d (soils)
and 10 d (per os) for C. borealis. There were signiÞcant differences in LC50 values for oriental beetles
in autoclaved, nonautoclaved native soil and nonautoclaved foreign soil. There were signiÞcant
differences in LC50 values for northern masked chafers in autoclaved and nonautoclaved native soil.
B. t. japonensis can be applied now for control of oriental beetles at rates that are economically
competitive with synthetic chemicals. If we can determine the component of nonautoclaved soil that
enhances the activity of toxin, it may be possible to lower the rates of toxin needed for control to more
economical levels for more difÞcult to control species such as the northern masked chafer.

KEY WORDS Bacillus thuringiensis serovar japonensis, oriental beetle, Northern masked chafer,
Scarabaeidae

Larvae of oriental beetles,Anomala orientalis (Water-
house), and northern masked chafers, Cyclocephala
borealis Arrow, are pests of turfgrasses and nursery
stock. The oriental beetle is probably native to the
Philippine Islands and is thought to have been intro-
duced into New Haven, CT, in 1920 in balled nursery
stock from Japan (Vittum et al. 1999). The native
Northern masked chafer is primarily a turfgrass pest
from Rhode Island west to Ohio and Missouri (Vittum
et al. 1999). Adult oriental beetles feed on roses, hol-
lyhock, phlox, dahlias, and petunias but are not con-
sidered serious pests (Friend 1929). Adult northern
masked chafers do not feed (Vittum et al. 1999).

An isolate ofBacillus thuringiensis, designated serovar
japonensis strain Buibui, obtained from a soil sample
collected in the vicinity of Tokushima, Japan, exhibits
strong larvicidal activity against several scarabaeid pest
species (Ohba et al. 1992). The parasporal inclusions are
spherical to ovoid, showing a morphological similarity to
those produced by the type strain of B. t. japonensis
(Ohba and Aizawa 1986). The parasporal inclusion ofB.
t. japonensis is highly toxic to Anomala cuprea Hope,
Anomala rufocupreaMotschulshy, and Popillia japonica
Newman in qualitative oral toxicity tests (Ohba et al.
1992). When fed on bacterial amended humus, scar-
abaeid larvae were often killed within 1Ð2 d postfeeding
and 100% mortality occurred within 5Ð7 d (Ohba et al.
1992).Notoxicitywasshownbythis isolateagainst larvae
of Lepidoptera, Diptera, Orthoptera, and adults of chry-
somelids (Ohba et al. 1992).

The toxicity of B. t. japonensis varies signiÞcantly
among scarabaeid species and life stages. Suzuki et al.
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(1992) showed that 25 �g of 130-kDa protein per g
compost was highly toxic (63Ð100% mortality in 21 d)
against Anomala albopilosa Hope (Þrst instar), A. ru-
focuprea (third instar), Anomala daimiana Harold
(Þrst instar), Anomala shonfledtiOhaus (third instar),
Mimela splendens (Gyllenhal) (Þrst instar), and
Anomala orientalis (second instar) but not against the
scarabaeidAllomyrinadichotomaL. (second instar) or
the coccinellid Henosepilachna vigintioctopunctata F.
(second instar). Further analysis showed that the
LC50 value for Þrst-instar A. cuprea larvae was 0.1 �g
of 130-kDa protein per g compost 14 d after treatment.
The LD50 value for third instars, however, was esti-
mated to be 20 �g/g compost on the 20th day (Suzuki
et al. 1993). Further evidence of the effectiveness of
1 �g of toxin per g soil on Þrst instars of A. cupreawas
shown by Suzuki et al. (1994).

The objectives of this study were to determine the
LC50 and LD50 values of B. t. japonensis strain Buibui
toxin forA. orientalis andC. borealis via soil and per os
bioassay techniques.

Materials and Methods

Toxin. B. thuringiensis strain Buibui was produced
by Valent Biosciences (Libertyville, IL) by liquid fer-
mentation (Lisansky et al. 1993). Technical powder
containing protein toxin and spores was used in these
experiments. The quantity of toxin used in soil bioas-
says described below was calculated based on the
micrograms of toxin per milligram of technical powder
based on SDS-polyacrylamide gel electrophoresis and
provided by the manufacturer.
SoilBioassays.A. orientalis larvae (third instars) and

soil were collected from Kingston, RI, and C. borealis
larvae (third instars) and soil were collected from
Groton, CT. Bioassays were conducted in autoclaved
and nonautoclaved soil collected from the sites the
grubs were collected (native soil) as well as in auto-
claved and nonautoclaved soil from “foreign” sites
(i.e.,A. orientaliswas tested in foreign Groton, CT, soil
andC.borealiswas tested in foreign Kingston, RI, soil).
We used autoclaved and nonautoclaved soil after we
noticed differences in results in the different soils in
preliminary bracketing experiments. Five grams of
native autoclaved, dried; nonautoclaved, dried; or for-
eign nonautoclaved, dried soil was placed in 30-ml
plastic cups. Rates of 0, 2, 4, 6, 8, and 10 �g toxin/g
autoclaved native soil; 0, 0.5, 1, 1.5, 2, 4, 6, 8, and 10 �g
toxin/g nonautoclaved native soil; and 0, 0.125, 0.25,
0.5, 1, 1.5, 2, 4, 6, 8, 10, and 20 �g toxin/g nonautoclaved
foreign soil were used for A. orientalis after prelimi-

nary bracketing bioassays suggested these rates. The
various rates of toxin were applied in 1 ml of double-
distilled water and thoroughly mixed with the soil
before adding one grub per cup and capping to reduce
moisture loss. Grubs were kept in an incubator at 21�C
for 14 d. Soil moisture was 16.6%. Other soil charac-
teristics are shown in Table 1. Ten grubs were used for
each rate, and the results of three experiments (two
for nonautoclaved foreign soil) were pooled for anal-
ysis and reporting.

Rates of 0, 100, 200, 300, 400, 500, 600, 700, 800, 900,
and 1,000 �g/g autoclaved and nonautoclaved native
soil and nonautoclaved foreign soil were used for C.
borealis after preliminary bracketing bioassays sug-
gested these rates. Numbers of grubs used, experi-
mental conditions, replications of experiments, and
analysis were as per A. orientalis.
PerOs Bioassays.Rates of 0, 0.156, 0.312, 0.625, 1.25,

and 2.5 �g toxin/�l were administered per os via a
Burkhard microapplicator (Burkhard Mfg. Co., Ricks-
manworth, United Kingdom) equipped with a 27-
gauge needle and 1-ml tuberculin syringe for A. ori-
entalis after preliminary bracketing bioassays
suggested these rates. Rates of 0, 2.5, 5, 10, 15, and 20
�g toxin/�l were administered per os via a Burkhard
microapplicator equipped with a 1Ð100 �l pipette tip
and 1-ml tuberculin syringe for C. borealis after pre-
liminary bracketing bioassays suggested these rates.
Grubs were kept for 10 d (C. borealis) or 14 d (A.
orientalis) in an incubator at 21�C with a 3-g piece of
carrot,Daucus carotaL., which was changed every 4 d.
Statistical Analysis. Mortality data were subjected

to probit analysis using the Statistical Analysis System,
version 9.1, program PROC PROBIT (SAS Institute
2003). Control mortalities (percentages) for the
northern masked chafer experiments were 0, 3, 0, and
0 for the four bioassay methods (nonautoclaved native
soil, autoclaved native soil, nonautoclaved foreign soil,
and per os, respectively). For oriental beetles the
control mortalities were 0% for all four bioassays used.
When comparing LC and LD50 values, a failure of 95%
CL to overlap was used as a measure to determine
signiÞcant differences between treatments (Robert-
son and Preisler 1992). In all cases, the likelihood ratio
(L.R.) chi-square goodness-of-Þt values indicated that
the data adequately conformed to the probit model
(Robertson and Preisler 1992).

Results

LC50 values of 3.93 �g toxin/g autoclaved native
soil, 1.80 �g toxin/g nonautoclaved native soil, 0.42 �g

Table 1. Analysis of soils from Kingston, RI, and Groton, CT

Location Soil type pH
%

Sand Silt Clay CO3 CaCO3 OMa OCb

Kingston, RI Silt loam 4.8 20 72 8 0.983 1.64 5.48 2.74
Groton, CT Loam 4.6 48 40 11 0.858 1.43 14.64 7.32

aOrganic matter.
bOrganic carbon.
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toxin/g nonautoclaved foreign soil (Table 2), and an
LD50 of 0.41 �g per os (Table 3) were determined at
14 d for A. orientalis. LC50 values of 588.28 �g toxin/g
autoclaved native soil, 155.10 �g toxin/g nonauto-
claved native soil, 265.32 �g toxin/g nonautoclaved
foreign soil, and LD50 value of 5.21 �g per os were
determined at 14 d (soils) (Table 2) and 10 d (per os)
(Table 3) for C. borealis. There were signiÞcant dif-
ferences in LC50 values for oriental beetles in auto-
claved, nonautoclaved native soil and nonautoclaved
foreign soil. There were signiÞcant differences in LC50

values for northern masked chafers in autoclaved and
nonautoclaved native soil.

Discussion

We have shown that A. orientalis is one of the most
susceptible grub species to B. t. japonensis toxin, and
C. borealis seems to be one of the least susceptible.
Suzuki et al. (1992, 1993) found the LC50 value for
Þrst-instar A. cuprea to be �0.1 �g/g compost.
Michaels (2000) found the LC50 value for southern
masked chafers, C. lurida, to be 5 �g toxin/g root mix
for third instars, Suzuki et al. 1992 found the LC50

value for A. rufocuprea to be 25 �g toxin/g compost,
and Koppenhofer and Kaya 1997 found the LC50 val-
ues for the masked chafers C. hirta LeConte and C.
pasadenae Casey to be 35 and 25 �g toxin/g soil,
respectively. Suzuki et al. (1992) showed that 25 �g of
toxin was not effective against second-instar Allomy-
rina dichotoma L. (subfamily Dynastinae). From the
data presented in this article and in Michaels (2000),
Suzuki et al. (1992, 1993), and Bixby et al. (2007), it
seems that members of the subfamilies Rutelinae and
Cetoniinae may be the most susceptible followed by
Dynastinae and Melolonthinae. The bioassay method

(per os, compost, soil [autoclaved or not], root mix)
has a profound effect on the LC50. If we can determine
the component of nonautoclaved soil that enhances
the activity of toxin, it may be possible to lower the
rates of toxin needed for control of less susceptible
species to more economical levels.

The reasons for the differential susceptibility of
grub species presumably has to do with midgut re-
ceptors of the toxic protein and/or the complex of
proteinases in the midgut. The B. t. japonensis toxin is
designated Cry8C, and the protoxin is 130 kDa. Midgut
enzymes cleave the protein to the 67-kDa toxin that
binds to protein receptors on the brush-border mem-
brane vesicles derived from the midgut epithelium.
The toxin creates pores in the cell membrane that
leads to swelling and lysis of the gut epithelium. Death
of the insect results from starvation and septicemia.
Shu et al. (2007) showed a four-fold increase in tox-
icity of two recombinant B. thuringiensis strains to A.
corpulenta demonstrating the possibilities of protein
engineering to design toxins speciÞc to each species.
Wagner et al. (2002), however, showed that the re-
sistance of the European cockchafer, Melolontha
melolontha (L.), to the Cry8C toxin is due to the
complex of proteinases in the midgut. Proteinases in
susceptible insects degrade the Cry8C toxin to the
67-kDa fragment, which cannot be further digested. In
contrast, resistant European cockchafers degrade the
Cry8C toxin to fragments �10 kDa.

We have eliminated entomopathogenic fungi and
nematodes as possible causes for the increased toxicity
in nonautoclaved soil from an examination of cadav-
ers. There are at least two possible hypotheses that
could explain the increased toxicity in nonautoclaved
soils: Other bacteria are entering the hemocoel and
are assisting in causing mortality. This hypothesis
seems to be the most plausible based on studies by
Broderick et al. (2006, 2009) where they determined
it was primarily Enterobacter sp. that was largely re-
sponsible for the septicemia associated with B. thu-
ringiensis-induced mortality in gypsy moth,Lymantria
dispar (L.), and other lepidopteran larvae but not all
species tested. Another possibility is that some other
soil chemical or chemicals in nonautoclaved soil is/are
potentiating toxicity of B. t. japonensis.

The most striking difference between soils was the
organic matter (14.64 for Groton, CT, and 5.48 for

Table 2 LC50 values of B. t. japonensis toxin in autoclaved and nonautoclaved soils to A. orientalis and C. borealis

Species Soil type n
Slope
(SE)

LC50
a,b �2 (df)c 95% FL

A. orientalis Autoclaved native 180 2.06 (0.47) 3.93a 0.74 (3) 2.6Ð5.0
A. orientalis Nonautoclaved native 270 1.87 (0.24) 1.80b 2.98 (6) 1.4Ð2.3
A. orientalis Nonautoclaved foreign 240 1.30 (0.19) 0.42c 6.31 (9) 0.2Ð0.6
C. borealis Autoclaved native 330 1.84 (0.32) 588.28a 6.59 (8) 476.1Ð727.9
C. borealis Nonautoclaved native 330 1.84 (0.29) 155.10b 5.51 (8) 90.8Ð212.0
C. borealis Nonautoclaved foreign 200 2.14 (0.39) 265.32b 4.40 (7) 183.6Ð337.4

a LC50 reported as microgram toxin per gram of soil.
b LC50 values followed by the same letter are not signiÞcantly different based on overlap of their 95% FLs. Each species was analyzed

separately.
c L.R. �2 goodness-of-Þt values. Tabular values at P � 0.05 for 3 df � 7.81, 6 df � 12.59, 7 df � 14.07, 8 df � 15.51, and 9 df � 16.92.

Table 3. LD50 values of B. t. japonensis toxin in per os bio-
assays for A. orientalis and C. borealis

Species n
Slope
(SE)

LD50
a �2 (df)b

95%
FL

A. orientalis 180 1.97 (0.32) 0.41 1.36 (3) 0.2Ð0.5
C. borealis 180 2.93 (0.45) 5.21 0.54 (3) 4.0Ð6.4

a LD50 values are reported as micrograms of toxin per microliter.
b L.R. �2 goodness-of-Þt values. Tabular values at P� 0.05 for 3 df �

7.81, 6 df � 12.59, and 8 df � 15.51.
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Kingston, RI). It seems that there may be a differential
microbial population or some other organic constitu-
ent of the high organic matter soil which potentiates
B. t. japonensis toxin. Asano et al. (2000) showed that
there was as much as a 42-fold synergistic effect from
the culture medium of B. t. japonensis when assayed
with B. t. kurstaki and aizawai versus lepidopterous
insects. West and Burges (1985)) reported that in-
creasing the organic content of soil with potential
nutrient substrates such as soluble casamino acids or
yeast extract and glucose stimulates germination and
growth of B. thuringiensis spores and can retard the
rate of loss of parasporal crystal insecticidal activity.

The difference in clay content (8% Kinston and 11%
Groton) does not seem to be signiÞcant enough to
explain the increased toxicity in Groton soils. How-
ever, Koskella and Stotsky (1997) found that B. t.
kurstaki and tenebrionis become resistant to microbial
use and proteases and remain insecticidal when bound
on clay minerals and the clay-sized fraction from soil.
Crecchio and Stotzky (1998) found that toxin from B.
t. kurstaki was rapidly sorbed and bound to humic
acids from four soils but retained its insecticidal ac-
tivity (comparable to free toxin) and was more resis-
tant to degradation than free toxin.Manduca sexta (L.)
(Lepidoptera: Sphingidae) also has been used to show
B. t. kurstaki has insecticidal activity whether sorbed
or desorbed to clays and humic acids before being
used by soil microorganisms (Tapp and Stotzky 1995,
Koskella and Stotzky 1997, Crecchio and Stotzky 1998,
Tapp and Stotzky 1998).

Although capable of saprophytic growth, Pruett et
al. 1980 found that inoculation of B. thuringiensis va-
riety galleriae spores into soil failed to germinate and
a gradual mortality ensued. West et al. (1985) found
that the most important factors controlling the sur-
vival of B. t. aizawai populations were nutrient
(CaCO3) availability, soil moisture, and indigenous
microorganisms (i.e., competitors). In autoclaved soil,
aB. t. aizawaipopulation increased from �104 to �107

bacteria g�1 (West et al. 1985). Growth of microbial
inoculants in sterile soil is common (Akiba et al. 1977,
Salonius et al. 1967) and is most probably due to the
death of the indigenous microorganisms capable of
competing for the limited nutrient resources of soil.
When killed, these organisms themselves act as nu-
trient sources (Jenkinson and Powlson 1976). There
was little difference in the CaCO3 in our soils (King-
ston 1.64%, Groton 1.43%). It is interesting that non-
autoclaved soil in our experiments increased grub sus-
ceptibility, because West et al. (1984a,b) in bioassays
with greater wax moth,Galleriamellonella (L.), andB.
t. aizawai implicated microorganisms have an impor-
tant role in degradation of the protein toxin in natural
soil compared with autoclaved soil.

West et al. (1985) also showed that soil pH is a major
factor in growth of B. t. aizawai in soil. They showed
that a pH 5.0 showed almost complete growth inhibi-
tion, whereas raising the pH above 5.2 lead to in-
creasedratesofgrowth.Akibaet al. (1979, 1980) found
a strain-dependent pH limit to B. thuringiensis growth
in soil and soil extracts in the range 4.8Ð5.4. Similarly,

Lowe and Gray (1973) detected a pH limit to the
activity of soil bacteria in the range of 5.0Ð5.5.

Alm et al. (1997) found that rates of 247 g 130-kDa
protein/spores of B. t. japonensis per hectare (pro-
duced by Mycogen, San Diego, CA) were very effec-
tive in control of P. japonica and A. orientalis grubs.
This is equivalent to 2.47 �g toxin/cm2. Our most
recent experiments conÞrm that rates as low as 1.0 �g
toxin/cm2 can be effective against early instar A. ori-
entalis and P. japonica (Bixby et al. 2007) in the Þeld.
Rates of 3.01 or 5.93 �g toxin/cm2 may be required for
other species and later instars (Bixby et al. 2007). The
lower rates areclose toamounts thatcancompetewith
synthetic chemicals currently on the market for grub
control given currentB. t. japonensis production costs.

Other grubs that are destructive to turfgrasses and
ornamentals in the United States need to be evaluated
for the efÞcacy of B. t. japonensis strain Buibui, in-
cluding European chafer, Amphimallon majale (Ra-
zoumowsky) (Melolonthinae); Asiatic garden beetle,
Maladera castanea (Arrow) (Melolonthinae); south-
ern masked chafer, Cyclocephala lurida Bland (Dy-
nastinae); Pasadena masked chafer, C. pasadenae;
green June beetle, Cotinis nitida L. (Cetoniinae);
black turfgrass ataenius; Ataenius spretulus (Halde-
man) (Aphodinae); and May or June beetles (Phyl-
lophaga spp.) (Melolonthinae).

Topics for further research include determining why
certain species are less susceptible, determining enteric
bacteriaandproteinases,determiningwhetherbiostimu-
lants will enhance toxicity, elucidating the interaction of
toxin with brush-border membrane vesicles, and exam-
ining toxin and spore survival in the soil.
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