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Few microorganisms are commercially available for use against white grubs (larvae of
scarabaeidae). Entomopathogenic bacteria, particularly Bacillus popilliae, have been used the longest
Jor white grub suppression. Other bacteria, naniely B. thuningiensis and Serratia spp. offer promise for
future control. This paper examines rwo genera of bacteria (Bacillus and Serratia) from the historical
and current perspective. Bacillus popilliae, the first microbial control agent registered in the United
States, has a long history of use in suppressing populations of the Japanese beetle, Popillia japonica.
However, lack of in vitro production and the slow and sporadic nature of its activity, severely limits its
urilization. B. thuringiensis, the most widely used microbial pesticide, has not been used for scarab,
control. However, strains with scarab activity have recently been discovered. Scarab larvae have been
collected in the United States with signs and symptoms similar to those characteristic of amber disease
(caused by Serratia entomophila) in the New Zealand grass grub, Costel ytra zealandica. A toral of 147
bacteria have been obtained from the digestive tracts of larvae of the Japanese beetle and masked
chafers, Cyclocephala spp., as well as from larvae and soil collected in Japan and China. Seventy five
of these have been identified as Serratia spp. Most (40) of the remaining bacteria are in the genus
Enterobacter. A majority of the bacteria (73) and of the Serratia (38} came from P, japonica.
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Scarab beetles and their larvae are serious
pests of crops, omamentals and turf throughout
the world (Jackson 1992). They are likely to in-
crease in significance because of the decreasing
availability of conventional chemical insecti-
cides. Unfortunately, there are very few microor-
ganisms commercially available for use against
these pests that can effectively and economically
replace the broad spectrum chemical insecticides.

A recent book (Jackson & Glare 1992) sur-
veyed the status of pathogens against scarabs,
and several reviews (Klein 1988, 1989, 1995,
Cranshaw & Klein 1994, Klein & Jackson 1992)
examined the status of microorganisms against
turf and ormamental pests in general. These au-
thors found that few microorganisms are now in
use or undergoing testing in the United States.
Only one bacterium, Bacillus thuringiensis (Bt),
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has had substantial commercial production, but
still makes up less than 1% of the total pesticide
market.

Many bacteria have been associated with nat-
ural mortality in scarab populations. These infec-
tions can be seen as conspicuous epizootics in in-
sect populations (Kaya et al. 1993) or can weaken
Insects causing them to be more susceptible to
other factors that lead to their death (Thurston et
al. 1994). Using these bacteria as biological con-
trol agents offers great potential. They can be
employed as classical biological control agents
by introducing them into new environments, but
are more commonly used for augmentation pro-
grams. This augmentation can be done on an in-
undative basis which utilizes the bacteria like
conventional insecticides (e.g., Bt and the amber
disease bacteria, Serraria spp.). For this ap-
proach, bacteria do not need to reproduce or
spread to be successful. Another augmentative
approach 1s done on an inoculative basis that re-
lies on the build up and spread of the microorga-
nism in the field and is characteristic of the milky
disease bacterium, B. popilliae.

This paper will focus on three bacteria, two
Bacillus species and the genus Serratia, and ex-
amine their past history and potential role in sup-
pressing scarab populations.
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MILKY DISEASE BACTERIA

The history and use of the milky disease bac-
terium, B. popilliae, has been extensively re-
viewed in several recent articles (Klein 1988,
1092, 1995, Stahly et al. 1992, Klein & Jackson
1992, Cranshaw & Klein 1994) and will not be
covered In detail here. It was the first microbial
agent registered in the United States in 1948, but
had been used for suppressing Japanese beetle
populations since the early 1940s. Currently, it is
the only registered microbial product for Japan-
ese beetle larval control.

Larval infection is initiated when bacterial
spores are ingested, germinate in the gut, infect
the gut cells, and enter into insect’s blood where
they multiply and sporulate. Larvae normally die
very slowly, but the exact cause of death is not
fully understood. Bacterial spores and parasporal
bodies build up in the blood, causing larvae to
take on the charactenistic milky appearance that
gives the disease its name (Fig. 1). The signs pro-
duced by milky disease bacteria look macroscop-
ically similar in different scarab species. Al-
though macroscopically similar, microscopically
the bactenal spores may differ. For example, the
sporangium of the bacteria can differ among
scarab species due to the presence or absence of
the parasporal body and the position of the spore
(Klein & Jackson 1992). Typical B. popilliae
sporangia from Japanese beetle larvae have a

“foot print” shape with a large spore and smaller
parasporal body (Fig. 2A). Spores from masked
chafers, Cyclocephala species, are accompanied
by large and multiple parasporal bodies (Fig. 2B).
Moreover, infectivity of B. popilliae varies
among scarab species, being most infective for
the species from which it was isolated. For in-
stance, spores from Japanese beetle larvae in-
fected 76% of Japanese beetles, but only 6% of
northern masked chafers, C. borealis (Klein, un-
published data). Conversely, spores from C.
borealis infected 47% of northern masked cha-
fers, but only 3% of Japanese beetles. However,
there 1s greater infectivity among species of grubs
in the same genus. Spores from C. Airta had sim-
1lar infectivity (45%) for that species and for C.
borealis (Kaya & Klein, unpublished data).

The size of the parasporal body is not an ab-
solute character since Kava et al. (1992) 1solated
B. popilliae with small, single or large, multiple
parasporal bodies in C. hirta in California.
Zhang et al. (1988) suggested that the parasporal
body is not a stable character and should not be
used for species separation. Klein and Jackson
(1992) listed milky disease bacteria from over 30
scarab species, but numerous other milky dis-
ease-scarab associations probably exist.

Since milky disease bacteria reproduce in the
host and reinoculate the soil, they have been in-
troduced into the environment for permanent es-

Fig. 1: milky disease infected (right) and healthy (left) Popillia japonica larvae.
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Fig. 2B: Bacillus popilliae spores from Cyclocephala borealis. Note large and multiple parasporal bodies.



90 Bacillus and Serratia spp. tor Scarabs Control » MG Klein, HK Kaya

tablishment (an inoculative, augmentative release
program). Early work by Dutky (1937) found that
10% infection could occur in the field two weeks
after treatment, and increase to 45% one year
later. Klein (1992) reviewed field tests with
milky disease bacteria and noted that results were
mixed at best. Recent tests in widely scattered lo-
cations have not produced levels of infection

equal to historical standards (Cranshaw & Klemn
1994, Shetlar 1994). Studies on Terceira Island,
Azores, Portugal, have failed to demonstrate any
infectivity 1n field populations of Japanese bee-
tles two years following applications of B. pop-
illine (Mendes et al. 1994). Although milky dis-
easc bactenia have been successful 1n suppressing
Japanese beetle populations, they should not be
expected to be a direct replacement for conven-
tional insecticides. Beard (1964) concluded “from
a biological standpoint, or a community view, the
disease 1s outstandingly successful by preventing
the development of tremendous numbers of bee-
tles, thus reducing the over-all population”. On
the other hand, "from the standpoint of the indi-
vidual gardener or greenskeeper who wants to
protect his own turf or garden, the infection 1s not
so successful”. Thus, in many situations, other
control tactics may be needed to suppress white
grub populations.

The mability to produce highly infective B.
popilliae spores on artificial media has severely
restricted the use of milky disease spore powder.
Until now, milky disease products have been
made by finding naturally infected larvae, or by
collecting white grubs, infecting them, and ex-
tracting the spores. Unfortunately, the patented in
vitro method of spore production (Elhs et al.
1989) raised false hopes because the bactena re-
ported to be B. popilliae produced on artificial
media were 1dentified as B. polymyxa and B.
amylolyticus (Stahly & Klein 1992}. The in vitro
produced spores were formulated as the product
Grub Attack ™ (Ringer Corp., Minneapolis,
MN). Bactena isolated from the Grub Attack and
from cultures deposited in the Amernican Type
Culture Collection (ATCC) when the patent was
filed were examined and their characteristics
were compared to known bacteria. Over 40 phys-
1ological charactenistics of B. polymyxa matched
100% with those of the Grub Attack and ATCC
isolates, whereas those of B. popilliae matched
only 25%. Other isolates from Grub Attack and a
second ATCC deposit matched B. amylolyricus
100% and B. popilliae 54%. In addition, fatty
acid profiles of the isolates from commercial ma-
terial and the ATCC depositions matched B.
polymyxa and B. amylolyticus rather than B. pop-
illiae. The bactenal species in samples of the
commercial products (Table I) and a lack of in-
fectivity from anything other than B. popilliae
(Stahly & Klein 1992) resulted in the withdrawal

of all commercially in vitro produced milky dis-
ease spore powder in 1991. The development of
an in virro production method of B. popilliae
spores, as well as more information on factors in-
fluencing disease development in its host, are es-
sential before this bactennum can attain its fullest
potential. Barring new breakthroughs, milky dis-
ease bacteria will be 1n short supply and only
cause general population suppression and not
specific turf protection.

TABLE]
Bacillus species in 1985-1990 Grub Attack samples

Bactena % of samples
B. polymyxa 92
B. popilliae 15
B. thuringiensis 8

B. amylolyticus 15

BACILLUS THURINGIENSIS

Bt 1s a naturally occurring soil bacterium that
has the ability to produce protem crystals that are
toxic to many insects. Its role in turf - ormamental
pest control has recently been reviewed by
Cranshaw and Klein (1994). This bacterinum has
typically been used as a microbial insecticide. It

is a stomach poison and must be ingested to be
effective. Although many strains with activity

against caterpillar, fly, and beetle larvae have
been commercialized; none are currently avail-
able for white grub suppression. There has been a
concern that the turf-soil ecosystem may not be a
very suitable environment for Bt persistence be-
cause soil microorganisms quickly degrade the
toxic protein crystal (Klein & Jackson 1992).
Klein and Jackson (1992) reported that
scarab active strains had been i1solated in New
Zealand, and that the typically lepidopteran Bt
subspecies galleriae and kurstaki had scarab ac-
tivity against the Japanese beetle 1n the laboratory
and against another white grub species in Chinese
peanut fields. The tenebrionis subspecies of Bt
was developed for controlling chrysomelid lar-
vae, in particular the Colorado potato and elm
lcaf beetles, but some isolates of this subspecies
were also active against Japanese beetle and
masked chafer, Cyclocephala spp., larvae.
Another Bt with high scarabaeid activity is
the subspecies japonensis (Buibul strain)} which
was 1solated from mosquito larvae in Japan
(Chba et al. 1992, Suzuki et al. 1992). This bacte-
rium 1s toxic to larvae of the Japanese beetle, the
cupreous chafer, Anomala cuprea, and the soy-
bean chafer, A. rufocuprea, in laboratory tests.
More recently, field activity has been reported
against the cupreous chafer in Japan (Suzuki et
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al. 1994) and against the Japanese beetle, south-
ermn masked chafer, Cyclocephala lurida, and the
oriental beetle, Exomala orientalis, in the United
States (Shutter et al. 1994).

Additional research is needed to establish the
etficacy of these Bt strains, develop delivery sys-
tems that maximize the placement of the bacteria
near their hosts and develop formulations that
minimize the degradation of the toxins in the soil.
Possibly the protective coatings such as the M-
Cap system developed by Mycogen (San Diego,
CA) may enable the toxins to remain active in the
sotl for longer periods of time. An effort is also
under way to use genetic engineering to move the
toxic protein crystal from the bacterium into de-
sirable grass plants, thereby affording them pro-
tection. However, the possibility of grubs becom-
Ing resistant to these toxins needs to be consid-
ered, and proper management techniques should
be developed before implementing this strategy.

AMBER DISEASE

Serratia species have often been associated
with insect diseases (Klein & Yackson 1992), but
commeercial utilization of this genus has been
achieved only recently. A commercial product
contaming S. entomophila, is being applied
against the grass grub, Costelytra zealandica, in
New Zealand pastures (Stucki et al. 1984, Grim-
ont et al. 1988, Jackson et al. 1992, Klein & Jack-
son 1992}. It is produced by fermentation and ap-
plied using subsurface application equipment.

Although the S. entomophila from New Zea-
land i1s only effective against the grass grub, other
scarab larvae have been observed with similar
signs and symptoms of this disease (Klein &
Jackson 1992). The bacteriuni tums the grubs a
honey or amber color giving the disease its name.
Pathogenic strains of S. entomophila colonize the
larval gut, adhere to the crop, and induce starva-
tion which depletes the fat bodies. This series of
events ultimately cause the appearance of the
amber color (Jackson et al. 1993).

We have isolated Enterobacteriaceae over the
past four years primarily from Japanese beetle
and masked chafer larvae with amber coloration.
We used the Serraria selective medium, caprylate
thallous agar, first described by Starr et al. (1976)
and previously utilized in New Zealand to isolate
S. entomophila (Jackson et al. 1993). Once iso-
lated, the bacteria were further characterized with
a series of three media; Dnase (DNA), adonitol
(AD), and itaconate (ITAC) agar (O’Callaghan &
Jackson 1993). Serratia species display pink
halos after 24 hr of incubation on DNA agar.
Yellow colonies are produced by S. entomophila,
and bluefgreen colonies by S. proteamaculans on
AD agar. Growth on ITAC agar is an additional
property ot S. entomophila. We obtained tenta-

tive identification of our bacteria by using the
Enterotube ™ Il system (Becton Dickinson, Cock-
eysville, MD). The Enterotube system is de-
signed for human not insect pathogens and does
not include the amber disease bacteria. However,
it does allow preliminary generic designations for
the bacteria and indicate the prevalence of
Serratia.

We obtained 147 bacterial isolates, character-
ized their reactions to the three selective media,
and recorded the results of the Enterotube 11 reac-
tions (Table IT). The vast majority were positive
on DNA agar suggesting that a higher number of
Serratia species may be included than indicated
by the Enterotubes. More isolates were yellow on
the AD agar and positive for growth on ITAC,
both characteristics of S. enromophila. Nearly
half of the isolates came from Japanese beetle
larvae, and half of the remaining bacteria were
recently 1solated from soil and scarab larvae in
Japan and China (Table III). Over half of the bac-
terta were identified as Serratia species on the
basis of their Enterotube results, with most of the
rest in the genus Enterobacter (Table III). Most
of the Serratia isolates came from Ohio Japanese
beetles and C. hirta from Califormia (Table V).
Efforts to identify these bacteria are continuing
ustitg the MicroStation ™ System (Biolog, Inc.,
Hayward, CA) which is much more comprehens-
tve and does include S. entomophila. We also are
establishing the infectivity of Serraria isolates
against Japanese beetle and masked chafer larvae,
and are continuing to search for more isolates
from field-infected scarabs.

Considerable work remains before commer-
cial products would be created from these bacte-
ria. Once the most active Serraria strains have
been selected, methods for their production and
application as well as registration requirements
must be worked out. Amber disease may be more
effective against scarabs such as masked chafers
which have a tendency to reinfest the same area
for many years, rather than the Japanese beetle
which tends to shift from one place to another in
turf sites.

In conclusion, B. popilliae is severely ham-
pered by an inability to grow and sporulate on ar-
tificial media. A paucity of material and the lack
of rapid reliable action jeopardize the future of
this historically important bacterium. Bt on the
other hand is a relatively new candidate for con-
trolling white grubs, and shows promise as a re-
placement for conventional chemical insecti-
cides. Although S. entomophila, the causal agent
of amber disease in grass grub, C. zealandica, is a
commercial success in New Zealand, establishing

a role for similar bacteria in other countries re-
quires considerable effort.
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TABLEII
Bacterial isolates from scarab larvae and soil 1990 - 1994

Host Location/Year Enterotube II Results DNA? AD ITACS
Anomala sp. CHINA/94 Serratia marcescens; S. liquefaciens + y +
Anomala sp. CHINA/94 S. marcescens, S. liquefaciens + Yy +
Anomala sp. CHINA/94 S. liguefaciens + y +
Anomala sp. CHINA/94 Enterobacter + ¥ +
Anomala sp. CHINA/94 Yersina; Shigella + y +
Anomala sp. CHINA/S4 Enterobacter; Providencia + y +
Anomala sp. CHINA/94 Enterobacter + b/g +
Anomala sp. JAPAN/92 S. liquefaciens * y -
Cotinis nitida N. Car/94 S. liquefaciens; Klebsiella + y +
C. nitida N. Carf94 S. liguefaciens + y .
Cyclocephala hirta Calif /90 S. marcescens + y ~
C. hirla Calif/91 Shigella; Enterobacter + y -
C. hirta Calif/91 Salmonella + b/g +
C. hirta Calif/91 Salmonella; S. liquefaciens + b/g -
C. hirta Cahit/9] Enterobacter - b/g +
C. hirta Calif/91 Enterobacter - b/g -
C. hirta Calif/91 Acinetobacter - Yy +f-
C. hirta Calif/91 S. marcescens + y +/-
C. hirta Calif/91] Saimonella + bfg +
C. hirta Calif/91 S. marcescens + Y +
C. hirta Cahit/9}| S. liquefaciens; Safmonella + b/e +
C. hirta Cahf/92 5. marcescens; S. liquefaciens + y :
C. hirta Calif/92 S. liquefaciens; Salmonella + y -
C. hirta Calif/92 S. marcescens; 8. liquefaciens + y -
C. turta Calif/92 Enterobacter; S. liquefaciens + y -
C. hirta Calif{92 S. liguefaciens + y +
C. hirta Calif/92 Kliebsiella + b/g +
C. hirta Calit/92 Klebsiella; §. rubidea + b/g -
C. hirta Calit/92 Enterobacier + b/g +
C. hirta Calit/92 Enterobacter; S. liquefaciens + Yy -
C. hirta Calit/92 Kiebsiella + Yy +
C. borealis Ohio/91 Salmonella; Yersinia, Shigella;

S. liquefaciens : b/g -
C. pasedenae Calif/93 Enterebacter - y +
C. pasedenae Calif/93 Enterobacter +
(. pasadenae Calif/93 S. liquefaciens +
Cyclocephala sp. Ind/92 Enterobacter + y
Cyclocephala sp. Ind/92 Enterobacter + y
Exomala orientalis JAPAN/94 S. liquefaciens,; Salmonella; Arizona + big
E. orientalis JAPAN/94 S. liquefaciens; Salmonellg + y
E. orientalis JAPAN/94 S. liquefaciens,; Salmonella + y
E. orientalis JAPAN/94 S. liquefaciens; Salmonella; Arizona + Yy
Holotrichia sp. CHINA/94 S. liquefaciens; Salmonelia; Arizona + Yy +
Holotrichia sp. CHINA/94 S. liguefaciens, Salmonella; Arizona + y +
Hoplia sp. JAPAN/94 S. marcescens, Hafnia + y +
Popillia japonica Ohio/90 Acinetobacter - y +
P. japonica Ohio/90 Yersinia; Shigella - y .
P. japonica Ohio/%0 Stugella; Enterobacter - y +
P. japonica Ohio/91 Klebsiella + y +
P. japonica Ohio/91 S. liquefaciens + y +
P japonica Ohiof91 S. liquefaciens; Salmonella + bfg +
P. japonica Ohiof91 S. liquefaciens; Salmonella + blg -
P. japonica Ohio/91 Klebsiella + y +
P. japonica Ohio/91 S. liquefaciens + y +
P. japonica W . Vir/9l Salmonella; Yersinia; Shigella;

S. liquefaciens + bfg +
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JAPAN/94
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CHINA/94
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Klebsiella

Shigella; Enterobacter
Enterobacter, 8. liquefaciens

S. liquefaciens

Klebsiella; Enterobacter; S. liquefaciens
Enterobacter

Shigelia; Salmonelia; Kiebsiella
Yersinia; Shigella

Salmonelia, §. liquefaciens

S. liquefaciens; S. marcescens

S. liquefaciens

S. liquefaciens; Salmonelia; Arizona
S. liguefaciens

S. liquefaciens; Salmonella; Arizona
S. liquefaciens; Klebsiella

S. liquefaciens; Salmonella: Arizona
S. liquefaciens; Klebsiella

S. liquefaciens

S. marcescens

Enterobacter

Enterobacter

Acinetobacter; Pseudomonas; 2K-1
Enterobacter, S, liquefaciens
Eviterobacter; Providencia

S. liquefaciens

S. liquefaciens; S. marcescens

S. liquefaciens

S. liguefaciens

S. liquefaciens

3. tacescens

Yersinia; Enterobacter

S. liguefaciens

S, liquefaciens

S. marcescens, S. liquefaciens

S. marcescens; Hafnia

Enterobacter

S. marcescens

Enterobacter, 8. liquefaciens, Yersinia
Enterobacter

Entercbacter

Enterobacter; S. liquefaciens
Enterobacter; S. liquefaciens
Enterobacter

Enterobacter; S. rubidea
Enterobacter; Providencia
Euterobacter

Enterbacter,; S. liquefaciens
Enterobacter; Providencia

S, liquefaciens; Salmonella; Arizona
S. liquefaciens; Salmonella: Arizona
S. liguefaciens; Salmonella; Arizona
S. liquefaciens

S. liquefaciens

S. liquefaciens; Salmonella; Arizona
S. liquefaciens

S. liquefaciens

S. liquefaciens

Enterobacter, S, liguefaciens

S. liquefaciens

Enterobacter; S. liquefaciens

S. liquefaciens; Salmonella; Arizona
Enterobacter

Hafnia; S. liguefaciens, Enterobacter

S. marcescens; S. liquefaciens

S. marcescens
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CHINA/9?2
CHINA/92
JAPAN/94
JAPAN/94
JAPAN/94
JAPAN/94
JAPAN/94
JAPAN/94
JAPAN/94
JAPAN/94
JAPAN/94
JAPAN/94
CHINA/94
CHINA/94
CHINA/94
CHINA/94
CHINA/94
CHINA/94
CHINA/94
CHINA/94
CHINA/94
CHINA/94
CHINA/94
CHINA/94
CHINA/94
CHINA/94

Klebsiella

Enterobacter; Providencia

S. liquefaciens, Salmonella; Arizona
Enterobacter; S. liquefaciens
Pseudomonas; Acinetobacter

S. marcescens, Hafnia

S. liquefaciens,; Salmonella; Arizona
S. marcescens, §. liquefaciens
Hafnia, 8. liquefaciens; Enterobacter
S. liquefaciens,; Salmonella; Arizona
Enterobacter; Providencia

S. marcescens,; S. liquefaciens
Enterobacter

Acinetobacter; Pseudomonas,; 2K-1
Acinetobacter; Pseudomonas; 2K-1
Enterobacter

S. marcescens;, Hafnia
Acinetobacter; Pseudomonas; 2K-1
S. marcescens; Hafnia
Pseudomonas; Acinetobacter
Klebsiella: Salmonella

Enterobacter

S. liquefaciens; Salmonella; Arizona
Enterobacier

S. marcescens; Hafnia
Enterobacter; Providencia

as b +
+ hd +
+ Y +
- }, +
+ y +
+ Y +
+ Y +
+ Y +
+ Y +
+ b/g -
+ b[g +
+ }? +
+ }-’ +
+ y +
+ }! +
+ bg -
+ Y +
+ }' +
+ }f -
+ }I +
+ }.' +
- y +
+ bfg +
- Yy +
+ Y +
+ }.r +

z: Serratia species will display pink halos after 24hr of incubation (+).

: Serratia entomophila produces yellow colonies (y) and Serratia proteamaculans produces blue/green colonies
(b/g) after 24hr of incubation.

“: Serratia entomophila produces growth of new colonies after 4-6 days incubation (+).

Summary of bacterial isolates

TABLE III

TABLE IV

Serratia isolates recovered from scarab larvae

Host

Total 1solates 145 -
Japanese beetle 73 Anomala sp.
C. hirta 21
Other Cyclocephala 6 Cyclocephala hirta
Cotinis sp. 2 C. pasedenae
Others - Japan and China 43 C nitida
Total Serrartia isolates (Enterotube II) 70 Exomala sp.
Other bactenal isolates (excluding Serratia spp.) 75 Holotrichia sp.
List of genera :
Haplia sp.
Acinerobacter 6 e
Popillia japonica
Enrerobacrer 42
Hafnia 2
Klebsiella 10
Pseudomonas 2
Salmonella 6 Popillia sp.
Shigella 4 Soil
Yersinia 3

and soil samples

[L.ocation

CHINA
JAPAN
Califomia
California
North Carolina
JAFPAN
CHINA
JAPAN

Ohio

West Virgin'a
Indiana
JAPAN
CHINA
CHINA
JAPAN

No. Serratia

1solates

+a
] e B o B — Q00—

Ch LA e - ] e
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