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ABSTRACT Japanese beetle, Popillia japonica Newman is a major pest of turf and ornamentals.
Laboratory bioassays were conducted to evaluate the potential interactions between a biological
control agent, Heterorhabditis marelatus (Nematoda: Heterorhabditidae) IN strain and the insec-
ticide halofenozide against both overwintered and nonoverwintered 3rd instars of Japanese beetle.
Treatments consisted of all combinations of 2 rates of halofenozid with H. marelatus nematodes
Imidaclopridwas used as a standard. Percentage larvalmortalitywas evaluated at 7, 14, and 21 d after
treatment. No deleterious effects were observed. The nematode treatments generally produced
signiÞcantly greater larval mortality relative to both chemical treatments. Twenty-one days after
treatment, both rates of nematodes resulted in 100% mortality, whereas insecticide treatments did
not surpass 60% mortality. No synergism was detected in any of the combination treatments. There
were no signiÞcant differences in nematode reproduction in larvae exposed to halofenozide and
nematodes versus larvae exposed to only nematodes.
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THE JAPANESE BEETLE, Popillia japonica Newman, is an
important pest of turf and ornamentals (Fleming
1972). Japanesebeetles feedon.300 species of plants,
often causing serious defoliation of fruit and nursery
stock. The larvae feed mainly on the roots of grasses
and weeds but also may consume the young roots of
woody ornamental plants (Smitley 1996). The cost of
larval damage on turf alone is estimated to be .$234
million per year (Ahmad et al. 1983). Chemical treat-
ments against these soil-inhabiting pests have not al-
ways been successful in part because of development
of tolerance or resistance by the host insect and pes-
ticide degradation by soil microorganisms (Ng and
Ahmad 1979). Growing concerns of environmental
contamination and adverse effects on nontarget or-
ganisms necessitate the development of alternative
strategies.

Increased efforts in recent years have been focused
on biological control using entomopathogenic nema-
todes in the familiesHeterorhabditidaeandSteinerne-
matidae. These nematodes are capable of parasitizing
many economically important pests including the Jap-
anese beetle (Klein 1990). These nematodes are mo-
bile, highly virulent, capable of being cultured in vitro,
and have a high reproductive potential. Despite their

broad host range and high virulence, these nematodes
have shown no mammalian pathogenicity (Gaugler
and Boush 1979), and are safe to vertebrates, plants,
earthworms, honey bees, and other nontarget organ-
isms (Kaya and Gaugler 1993).

The nematodes Steinernema glaseri and Hetero-
rhabditis spp. are particularly effective against white
grubs such as the Japanese beetle (Klein 1990, Alm et
al. 1992, Klein and Georgis 1992). Recently a new
species ofHeterorhabditis,H.marelatus,wasdescribed
(Liu and Berry 1996). This species was found to be
highly virulent against Japanese beetle larvae (D.I.S.,
unpublished data) and is more cold-tolerant than
other entomopathogenic nematodes (Berry et al.
1997a). The strain used in these studies was isolated in
Indiana (IN strain) and identiÞed as H. marelatus
(Integrated BioControl Systems, Aurora, IN).

It has been suggested that combining low-impact
insecticides or reduced rates of insecticides with bi-
ological control could achieve adequate control while
reducing the adverse effects of insecticides.Halofeno-
zide is a novel compound in the diacylhydrazine class
of insecticides (Rohmid 1997; Cowles et al. 1999).
Halofenozide is an ecdysone agonist that accelerates
the molting process, and is primarily effective against
the larval stages of lepidopteran, coleopteran, and
somehomopteran species (Rohmid 1997,Cowles et al.
1999). There is little threat of toxicity to predators and
other beneÞcial insects, mammals, birds, and aquatic
organisms. The effect of halofenozide on nematodes
and their ability to infect and kill Japanese beetle
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grubs is unknown. Current recommendations for Jap-
anese beetle and other white grubs in turf and orna-
mentals include Mach2 (halofenozide) at the rate of
2.26 kg (AI)/ha (in turf only) and Marathon (imida-
cloprid) at the rate of 0.18 kg (AI)/ha (in greenhouse
and nursery). Imidacloprid, a chloronicotinyl insecti-
cide, acts on the cholinergic receptors in the postsyn-
aptic membranes and disrupts normal nerve function
(Bai et al.).

Numerous studies have demonstrated additive or
synergistic relationships between the combineduse of
low-impact insecticides and biological control agents
(Boucias et al. 1996; Kaakeh et al. 1997; Quintela and
McCoy1997, 1998;Koppenhofer andKaya1998;Nishi-
matsu and Jackson 1998). Koppenhofer and Kaya
(1998) described a strong synergistic effect on mor-
tality of 2 scarab species, Cyclocephala hirta LeConte
and C. pasadenae Casey with combinations of imida-
cloprid, another reduced risk insecticide, and ento-
mopathogenic nematodes. The synergistic interaction
occurred at recommended and reduced Þeld rates of
imidacloprid. The objective of our study was to de-
terminewhetherhalofenozide interactswith thenem-
atode, H. marelatus IN strain, when applied to over-
wintered and nonoverwintered 3rd-instar Japanese
beetle.

Materials and Methods

In total, 3 laboratorybioassayswere conducted.The
interactionbetweenH.marelatus andhalofenozide on
the mortality of Japanese beetle larvae was examined
in 2 of the bioassays. One bioassay was conducted in
May1997onoverwintered larvae and the 2ndbioassay
was conducted in October 1997 on larvae that had not
overwintered. Both bioassays were identical in all ex-
perimental parameters except for age of Japanese bee-
tle larvae. The effect of halofenozide on nematode
reproductionwas tested in the3rdbioassay conducted
in June 1998.

Japanese Beetle Larvae. Third-instar Japanese bee-
tles were collected from the Þeld before each test. In
the 1st bioassay, larvae were collected from turf areas
in Central Indiana and Ohio. The larvae were col-
lected from 15 to 19 May 1997. In the 2nd bioassay,
larvae were collected on 24 October 1997 from turf
plots in Indiana. Thus, larvae in the 1st bioassay had
overwinteredandnormallywouldpupatewithin a few
weeks, whereas those in the 2nd bioassay had not
overwintered and normally would not pupate for '7
mo. All larvae were held in containers of soil at 108C
until use. Only apparently healthy larvae were used in
the bioassays.

Nematodes. Heterorhabditis marelatus IN strain
were obtained from a commercial source (Integrated
BioControl Systems, Lawrenceburg, IN). This partic-
ular strain was isolated in Indiana and identiÞed using
morphological and molecular methods. The nema-
todes were reared in Galleria mellonella (L.) accord-
ing to the procedures of Woodring and Kaya (1988).
The nematodes were stored on moist sponges under
refrigeration (108C) until use. At the time of experi-

mentation, a sponge containing the nematodes was
soaked in water to remove the nematodes from the
sponge. A serial dilution of the nematode stock solu-
tion was conducted to achieve the necessary concen-
tration of nematodes. The 2 rates of nematodes were
1.25 (half rate) and 2.5 billion (full rate) nematodes
per hectare.

Insecticides. The insecticide, halofenozide (Mach2,
60%wettablepowder,RohmidL.L.C., Parsippany,NJ)
was delivered at the rate of 1.13 and 2.26 kg (AI)/ha.
Imidacloprid (Marathon 1% granular, Olympic Hor-
ticultural Products, Bradentown, FL) was chosen as
the insecticide standardbecause it is a commonlyused
product for grub control. It was applied at the rec-
ommended rate of 0.18 kg (AI)/ha.

Bioassay Parameters. Host Mortality. Plastic con-
tainers (9 cm inside diameter, 4 cm deep) were Þlled
with '200 ml of a soil mixture (50:50 sand:/sphagnum
peat moss). Ryegrass seed had been mixed previously
into the soil mixture. Five 3rd instar Japanese beetles
were placed on the soil surface in each container. The
larvae were allowed 2 h to dig into the soil mixture.
Any larvae remaining on the soil surface were con-
sidered unhealthy and replaced. After all larvae
moved into the soil mixture, nematode and/or the
insecticide treatments were applied. Nematodes were
delivered in 2 ml water to each container using a
pipette. Approximately 795 and 1,590 nematodes were
delivered to each cup for the low and high rate,
respectively. Halofenozide also was applied to each
container using a pipette (2 ml per container), and
imidacloprid was sprinkled on the soil surface and
followed by 2 ml water. Each container was capped
with a plastic lid with puncture holes for the remain-
der of the test period. The containers were stored in
an incubator at 24 6 18C in the dark.

The treatments consisted of 2 rates of H. marelatus
(1.25 and 2.5 billion nematodes per hectare), 2 rates
of halofenozide (1.13 and 2.26 kg (AI)/ha), all com-
binations of both rates of the nematodes and halo-
fenozide, imidacloprid (0.18 kg (AI)/ha), and an un-
treated control. Eachbioassaywas evaluated 7, 14, and
21 d after treatment. Each treatment was replicated 5
times in a completely random design. At the time of
evaluation, all larvae were removed from the contain-
ers and mortality was recorded. Cadavers were exam-
ined for signs of nematode infection (i.e., coloration)
(Woodring and Kaya 1988). The stage of the insect
(i.e., larva, pupa, or adult) was also recorded.

Nematode Reproduction. In a separate laboratory
bioassay, 3rd instar Japanese beetles were exposed to
halofenozide and nematodes in the same type of con-
tainer and soil mix previously described. There were
10 replications per treatment with 2 larvae per repli-
cation. The treatments consisted of a combination of
halofenozide (1.13 kg [AI]/ha) and H. marelatus (2.5
billion/ha), a combination of imidacloprid (0.18 kg
[AI]/ha) and H. marelatus (2.5 billion/ha), H. mare-
latus (2.5 billion/ha) alone, and a control. The insec-
ticide was applied 24 h after the larvae were place into
the containers. Thenematodeswere applied 72 h after
the insecticide application. Seven days after the nem-
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atodeapplication, all larvaewere removed.Live larvae
were replaced in the containers and re-evaluated 3 d
later. Dead larvae from the nematode treatment and
the halofenozide plus nematode treatment were
placed individually in modiÞed White traps (White
1927) for the collectionof nematodes.Nematodes that
hadmoved fromthecadavers into thewaterwithin the
White trap were collected over a 3-wk period and
were counted through serial dilution.

Statistics. Percentage host mortality for each eval-
uation date, infective juvenile nematodes produced,
and the percentage of host larvae not pupating were
transformed (arcsine square root) and subjected to
analysis of variance (ANOVA) (SigmaStat 1995). Sig-

niÞcant means were separated with the Tukey Test
(P , 0.05).

Results

Mortality of Overwintered Larvae. None of the
combinedeffects of nematode andhalofenozide treat-
ments differed from applications of nematodes alone.
All nematode-halofenozide treatment combinations
signiÞcantly increased host mortality over halofeno-
zideor imidaclopridalone treatmentsexceptonecom-
bination treatment (low rate of nematodes and high
rate of halofenozide at 7 and 14 days after treatment
[DAT]) (Fig. 1) (7 DAT, F 5 8.452; df 5 9, 40; P ,

Fig. 1. Mean percentage mortality of overwintered 3rd-
instar Japanese beetles exposed to H. marelatus, halofeno-
zide, and imidacloprid in a laboratory bioassay. (A) 7 DAT,
(B) 14 DAT, (C) 21 DAT. Nema-low 5 1.25 billion/ha,
nema-high 5 2.5 billion/ha, halofenozide-low 5 1.13 kg
(AI)/ha, halofenozide-high 5 2.26 kg (AI)/ha, N(L) 5
nema-low, N(H) 5 nema-high, M(L) 5 (Mach2) halofeno-
zide-low, and M(H) 5 (Mach2) halofenozide-high.

Fig. 2. Mean percent mortality of nonoverwintered 3rd-
instar Japanese beetle larvae exposed to Heterorhabditis
marelatus, halofenozide, and imidacloprid in a laboratory
bioassay. (A) 7 DAT, (B) 14 DAT, (C) 21 DAT. Nema-low 5
1.25 billion/ha, nema-high 5 2.5 billion/ha, halofenozide-
low 5 1.13 kg (AI)/ha, halofenozide-high 5 2.26 kg (AI)/ha,
N(L) 5 nema-low, N(H) 5 nema-high, M(L) 5 (Mach2)
halofenozide-low, and M(H) 5 (Mach2) halofenozide-high.
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0.001; 14DAT, F 5 6.762; df 5 9, 39; P , 0.001; 21DAT,
F 5 28.792; df 5 9, 37; P , 0.001). At 14 and 21 DAT,
100% of the cadavers in all the combination treat-
ments exhibited signs consistent with those typical of
nematode infection by heterorhabditid nematodes
(Woodring and Kaya 1988).

Larval mortality from halofenozide alone was low
(,15%) at 7 and 14 DAT and did not differ signiÞ-
cantly from the untreated control treatment (Fig. 1 A
and B). However, mortality increased to 45 and 59%
for the low and high application rates, respectively, by
21 DAT, which was signiÞcantly higher than the un-
treated control (F 5 28.792; df 5 9, 37;P , 0.001) (Fig.
1C). Mortality did not differ statistically between the
low and high rate of halofenozide on any evaluation
date.

The low rate of nematodes (1.25 billion/ha) did not
differ signiÞcantly in total hostmortality from thehigh
rate (2.5 billion/ha) at any evaluation date (Fig. 1). At
21 DAT, both rates of the nematodes caused signiÞ-
cantly more mortality than halofenozide, imidaclo-
prid, or the untreated control (Fig. 1C) (F 5 28.792;
df 5 9, 37; P , 0.001).

Mortality of Nonoverwintered Larvae. The treat-
ment effects on the overwintered larvae were similar
to the treatment effects on the nonoverwintered lar-
vae (Fig. 2). Trends were identical, regardless of age
of the larva. At 7 DAT, 3 of the 4 combination treat-
ments caused signiÞcantly more mortality than the
high rate of halofenozide and the untreated control
(F 5 6.520; df 5 9, 40; P , 0.001) (Fig. 2A). These

differences alsowere demonstratedwith the overwin-
tered larvae. At 14 DAT, only the low rate of nema-
todes combined with the low rate of halofenozide
caused signiÞcantly more mortality (F 5 6.455; df 5 9,
40; P , 0.001) than both rates of halofenozide alone
(Fig. 2B). At 21 DAT, the 2 combination treatments
with the high rate of nematodes caused signiÞcantly
more mortality (F 5 9.494; df 5 9, 40; P , 0.001) than
either rate of halofenozide alone (Fig. 2C). As with
the overwintered larvae, none of the combination
treatments differed from either rate of nematodes
alone at any of the evaluation timings (Fig. 2). With
one exception, 100% of all the cadavers in the com-
bination treatments on all the evaluation dates exhib-
ited signs of nematode infection by a heterorhabditid
nematode (Woodring and Kaya 1988).

Mortality of larvae exposed to halofenozide alone
was relatively low (,40%) throughout the test period
(Fig. 2) and was never signiÞcantly different from the
control. There were no signiÞcant differences in mor-
tality between the 2 rates of halofenozide.

As with the overwintered larvae, there were no
signiÞcant differences in mortality because of the rate
of nematodes applied; however, mortality was always
signiÞcantly greater than in the control treatment
(Fig. 2).By21DAT,mortalitywas signiÞcantlygreater
in the nematode treatments compared with both rates
of halofenozide used alone and the untreated control.

Host Pupation. SigniÞcantly more of the overwin-
tered larvae in the high rate of halofenozide treatment
pupated compared with the low rate of halofenozide
treatment or the untreated control (F 5 6.403; df 5 2,
12; P , 0.013) (Fig. 3). There was no pupation in any
other treatment with the overwintered larvae. At the
end of the bioassay, all the pupae in the low rate of
halofenozide and 57% of the pupae in the high rate of
halofenozide were still alive. Halofenozide did not
have the same inßuence on the nonoverwintered lar-
vae as it did on the overwintered larvae. Only 1 indi-
vidual nonoverwintered larva pupated throughout the
test period and it was from the high rate of halofeno-
zide treatment.

Nematode Reproduction. There were no signiÞcant
differences in number of nematodes produced be-
tween larvae exposed to halofenozide and larvae not
exposed tohalofenozide (Table 1).Hostmortalitywas
signiÞcantly greater in the halofenozide plus nema-
tode treatment compared with the control treatment
(F 5 5.318; df 5 2, 27; P , 0.011).

Fig. 3. Developmental stage of Japanese beetle exposed
to 2 rates of halofenozide. Halofenozide-low 5 1.13 kg (AI)/
ha, halofenozide-high 5 2.26 kg (AI)/ha at 21 DAT.

Table 1. Mortality of 3rd instar Japanese beetles and number of nematodes produced when exposed to H. marelatus alone,
halofenozide plus H. marelatus, and imidacloprid plus H. marelatus in a laboratory bioassay

Treatment
No. dead
larvae

% dead
larvae

% dead larvae
producing
nematodes

Total nematodes
produced

Mean no. nematodes
produced per larva

H. marelatus 11ab 55 100 337,614 30,692a
Halofenozide 1 H. marelatus 17a 85 94 475,551 29,722a
Imidacloprid 1 H. marelatus 14ab 70 100 353,851 25,275a
Control 6b 30 Ñ Ñ Ñ

Means within a column followed by the same letter are not signiÞcantly different (P , 0.05).
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Discussion

There was not a positive synergistic relationship
between thenematode,H.marelatus IN strain, and the
turf insecticide, halofenozide, based on these labora-
tory results. However, there were no deleterious ef-
fects to thenematodeswhenused incombinationwith
the insecticide. The average number of nematodes
produced per larva was similar for larvae exposed to
halofenozide and larvae not exposed to halofenozide
and demonstrates the compatibility of this insecticide
and nematode strain.

To achieve maximum efÞcacy, halofenozide must
be ingested; therefore, it is recommended for use
against young, actively feeding larvae (Rohmid 1997,
Cowles et al. 1999). Although an insect exposed to the
insecticide quits feeding shortly after exposure, death
of the insect can take numerous days. In these bioas-
says, halofenozidewas not applied at the optimal time,
and as expected, larval mortality was relatively low.

Although both bioassays were conducted under
similar conditions, the age of the Japanese beetle lar-
vae was different (overwintered larvae versus non-
overwintered larvae). It is apparent from these studies
that exposure of overwintered larvae to halofenozide
may induce pupation, and if the insect is close enough
to the normal pupation time, the insect may survive.
Normally, exposure of larvae to halofenozide induces
premature molting which ultimately kills the insect
(Rohmid 1997, Cowles et al. 1999). Mortality of over-
wintered larvaewas approximatelydoubledcompared
with nonoverwintered larvae in the halofenozide
treatments on the last evaluation date. It is unknown
what effect the age of the 3rd instar has on the inter-
action between the nematodes and halofenozide.
However, at the conclusion of these tests, a greater
percentage of the overwintered larvae was killed in
the combination treatments with the low rate of nem-
atodes. Mortality of overwintered and nonoverwin-
tered larvaewas similar in the combination treatments
with the high rate of nematodes.

Combinationsof entomopathogenicnematodes and
chemical insecticides have been shown to be syner-
gistic in insect suppression (Hatsukade 1990, Ishibashi
1993, Koppenhofer and Kaya 1998, Nishimatsu and
Jackson 1998). Researchers have proposed different
mechanisms for the increased efÞcacy such as in-
creased nematode activity and changes in nematode
behavior; however, the most common is that the in-
secticide weakens the host insect, making it more
susceptible to nematode attack. Our data are not con-
sistent with past reports of synergism. However, there
are differences, such as nematode species and strain,
host species, application timing, and type of insecti-
cide, between the studies demonstrating synergism
and the current study. These difference likely play a
role in the interaction between the nematode and
insecticide and will be particular to that situation.

Chemical insecticides are typically recommended
for managing Japanese beetle larvae. The tolerance of
this pest ranges from moderate (low-value turf) to
extremely low (high-value turf and shipping plant

material across state lines). There is great concern
about movement of infested plant material contribut-
ing to the spread of Japanese beetle; therefore, move-
ment of plant material is regulated by many states. In
these cases, chemical insecticides are necessary be-
cause of the quick action and high level of efÞcacy.
However, combining applications of chemical insec-
ticides and entomopathogenic nematodes may offer
numerous beneÞts. The interaction between the in-
secticide and the nematodes, although not demon-
strated in these tests, may allow for reduced chemical
application rates. Additionally, the nematodes may
become established and begin to offer a long-term
reduction in the larval populations (Klein andGeorgis
1992).

The nematodeH.marelatus IN strain, which has not
previously been tested against Japanese beetle, seems
to be a highly promising control agent for this pest. H.
marelatushas been shown tobe effective against other
insects such as the black vine weevil, Otiorhynchus
sulcatus (L.), the strawberry root weevil, O. ovatus
(F.) (Berry et al. 1997a), and the Colorado potato
beetle, Leptinotarsa decemlineata (Say) (Berry et al.
1997b). H. marelatus performed very well in the bio-
assaysmentionedabove, ultimately causing 100%mor-
tality of the host insect. The addition of halofenozide
did not appear to affect the efÞciency, either posi-
tively or negatively, of the nematodes. Because host
mortality from nematode treatments was so high, any
interaction between the nematodes and the insecti-
cide could not be demonstrated in the current study,
and evaluation for synergy must be demonstrated un-
der conditions inwhich the nematodes do not achieve
maximum mortality. Additionally, further tests should
be undertaken to examine treatment effects on early-
instar Japanese beetles.
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