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BIOLOGICAL CONTROL
Of The
JAPANESE BEETLE

By WALTER E. FLEMING, cotiaborator, Entomology Research
Division, Agricultural Research Service

During a voutine inspection in mid-August 1938, E. L. Dickerson
and H. B. Weiss of the New Jorsey Department of Agriculture col-
lected about a dozen beetles in a nursery of Henvy A. Dreer be-
tween Riverton and DMoorestown, N.J. These beetles were later
found to be the same as specimens of the Japanese beetle (Popillia
Juponice Newman) in the collection of the National Museum in
Washington, D.C. Prior to its discovery in New Jersey the beetle
was known to occur only on the main islands of Japan—Houshy,
Kyushu, Shikoku, and Hoklkaido. Other members of the genus are
widely distributed in the Far East. It is not known definitely how
and when the beetle came from Japan to New Jersey. It was prob-
ably transported in the grub stage in soil about the rhizomes of
Japanese iris. The abundance of the heetle in 1917 indicated that
the insect had been in the nursery for at least 5 years. (Clausen
et al. 1927; Dickerson and ‘Weiss 1918; Howard 1918; Smith and
Hadley 79.26; Weiss 1814, 191&a")

A large part of the main islands of dapan is heavily forested
mountainous country, duch of the land is volling prairie covered
with persistent bamboo grasses at the foot of high mountain ranges.
These conditions are not favorable for the beetle. The natural,
agricultural conditions in Hokkaido more nearly approach those of
the Eastern United States. The beetle is most abundant in the
northern half of Honshu and in all of Hokkaido where grasslands
occur, but its population density never reaches that in the Eastern
Uniled States, probably because its natural enemies keep it under
control, Nowhere in Japan is the beetle considered to be an eco-
nomicaliy important pest. Damage to crops sometimes occurs in
Hokkaido, but the preference of the insect for certain weeds grow-
ing along the roadsides usually prevents serious injury to the
plants (Clausen et al. 1927).

Recognizing the potential threat of the beetle to American agri-
culture, the former U.S. Bureay of Entomology estahlished the

*The year in italics after the author’s namo is the key to the reference in
Literature Cited, p. 70.

1




2 PECHMICAL BULLETIN 1383, U.S. DEPY, OF AGRICULTURE

Japanese Beetle Laboratory in 1917 near Riverton, N.J., to study
the life history and habits of the insect in its new environment and
later to develop biologieal, chemical, and cultural methods for
its control (Agee 1918; Davis 1920, 1920a; Hadley 1922; Headlee
1918; Howard 19218) . In 1927 the Laboratory was moved to Moores-
town, N.J., where it has vemained.

In New Jersey the beetle found a generally favorable climate,
large areas of permanent turf for the development of the mmature
stages, almost 300 species of plants to satis{y its voracious appetite,
and no important naturai enemies (Fleming 1963). 1t spread
rapidly. The infestation covered 2L. square miles in 1917, 614
square miles in 1918, 48 square miles in 1919, 103 square miles in
1920, and 270 square miles in 1921 {Smith and Hadley 1926). By
1962 the beetle had spread over more than 100,000 square miles in
14 eastern States and the District of Columbia (Fleming 1963).
In its new environment it soon became a threat to American agri-
cultuve. 1t seriously damaged orchavd crops, certain field crops,
and ornamental trees and shrubs. The grub destroyed large areas
of turf in lawns, golf courses, and pastures and damaged the roots
of some cultivated crops.

Although preliminary studies had been made earlier, the investi-
gation of biological control of the beetle was undertaken in 1920,
Two entomologists were sent that year by the former U.S. Bureau
of Entomology to Japan to study the predators and parasites of
the beetle in its native land. The program in the Far East was
successful. Five specics of parasitic insects from the Far Fast
were colonized and became established in the infested area in the
United States.

The studies of diseases of the beetle were undertaken in 1922,
when sick grubs found in the field were discovered to be infected
mainly by bacteria and fungi, although the organisms causing the
infections were not identified specificaliy. Onc of the most im-
pressive achicvements of the Japanese DBeetie Laboratory was the
development of the knowledge of pathogens attacking the beetle
to a point where it was feasible to mass-produce and colonize some
of these organisms in the field to control this destructive insect.

Some phases of the mvestigation of biological control were con-
ducted cooperatively with other Federal agencies, State agricul-
tural experiment stations, State departments of agriculture, and
universities within the area infested by the beetle. Reports on the
progress of the investigation appeared from time to time in Federal
and State publications and in various scientific journals, but much
additional information is found in the unpublished progress re-
ports by H. W. Allen, J, W. Balock, M. H, Brunson, R. W. Burrell,
T. N. Dobbins, $. R. Dutky, H. Fox, T. H. Frison, T. R. Gardner,
H. B. Girth, H. A. Jaynes, H. C. Hallock, I. M. Hawley, J. X. Hollo-
way, J. L. King, T. L. Ladd, P. J. McCabe, L. B. Parker, G. E.
Spencer, H. Tashiro, G. F. White, R. T. White, and H. J. Willard
and in the unpublished guarterly and annual veports of the Japa-
nese Beetle Laboratory by C. H. Hadley and W. E. Fleming on file
at the Laboratory. [ have reviewed these published and unpub-
lished records and have prepared a digest so that information on
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the biological control of the Japanese beetle from 1920 to 1964
might be more available {0 other entomologists and the general
public.

PEEDATORS AND PARASITES
FOR CONTROI. OF BEETLE

Native Predators and Parasites

The insect-feeding birds, small terrestrial mammalis, and the
few predaceous and parasitic insects indigenous to the Bastern
United States were not able to cope with the twentyfold to thirty-
fold reproductive potential of the Japanese beetle, Although these
natural enemies from time to time have reduced beetle populations
within limited areas, their efforts have been too sporadic and too
restricted fo have much effect on the population in a region.

Insectivorous Birds

Some native birds feed readily on adult beetles. Smith and Had-
ley {1926) reported that during 1919 and 1920 E. A. Chapin and
C. W. Leister of the former U.S. Bureau of Biological Survey had
examined the stomach contents of 31 species of birds in the infested
avea and found remains of beetles in 16 of them. The birds that fed
on beetles were the bobwhite (Colinus virginignus), the eastern
kingbird (Tyrennus fyrannus), the crested Hycatcher (Myiarchus
crinitus), the crow (Corvus brachyrhnchos), the European star-
ling (Sturnis vulgaris), the red-winged blackbivd (Agelaius phoe-
niceus), the meadowlark (Stwrnelle magnam), the common grackle
(Quiscalus quiscala), the IEnglish sparrow (Passer domesticus),
the vesper sparrow (Poocceles yramineus), the songsparrow
(Mclospiza melodiu}y, the cavdinal (Richmondens cardinalis), the
catbird (Dwmetella carolinensisy, the brown thrasher (Toxostoma
rufum}, the wood thrush (Hylocichla musteling), and the robin
(Turdus migratoriuy).

There was 1o indication that bectles had been eaten by the little
blue heron {(Floride cacrulea), the mourning dove (Zenaidura
carolinensis), the sparvow hawk (Falco spwrrerius), the yellow-
billed cuckoo (Coceyzus americanus), the yellow shafted fAicker
{Coluptes auratus), the eastern wood pewee {Contopus virens),
the brown-headed cowbivd (Molothrus ater), the ovchard oriole
(feterus spurius), the American goldfinch (Spinus tristis}, the
swamp sparvow (Melospiza georgiana), the chewink (Pipilo ery-
throphthalmus), the ved-cyed vireo ¢ Vireo olivacens), the ovenbivd
{(Sclurus aurocapiilus}, the tufted titmouse (Parus bicolor), or the
eastern bluebivd (Sialie stalis).

The grackle ate more beetles than did any other bird. Al 29
grackles examined had eaten beetles and 66 percent of the con-
tents of their stomachs consisted of fragments of beetles. After
the grackle in lnportance as predators of the beetle were the
meadowlark, starling, cardinal, and catbird.
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Other observers reported that the English sparrow and the robin
feed on beetles (Bell 1820; Cory and Langford 18455; Fleming
1958; Hadley and Hawley 1834).

Pheasants are known for their fondness of beetles of all kinds.
A pair of ring-necked pheasanis (Phastanus colchicus), furnished
by the New Jersey State Fish and Game Commission, showed a
great liking for both living and dried beetles. Since colonizing
these birds in the infested area might be a factor in the control of
the heetle, pairs of pheasants were liberated at several places, The
New Jersey legislature passed a law prohibiting the killing of
pheasants in ceitain designated areas for a period of 5 years (Davis
18.20; Smith and Hadley 7826).

Chickens, turkeys, duoeks, and guineas feed readily on beetles.
An analysis of the beetles showed 67.0 percent moisture, 2.1 per-
cent fat, 22.1 percent profein, 6.6 percent crude fiber, 1.5 percent
ash, and 0.3 percent nitvogen free extract, indicating that the
insects were good feed for poultry {Davis 19.20; Hadlev and Haw-
ley 18484, Smith and Hadley 79.26).

The domestic fowi, the Buropean slarling, the common grackle,
the crow, and the gulis {(Lerus spp} dig up and devour large
numbers of grubs in heavily intfested aveas, especially when fields
are being plowed and the grubs ave close to the surface In grass-
lands. The most important of these arve the European starling,
which has increased in numbers and extended its range n the
Eastern States, and the gulls, Whenever grubs ave feeding close
to the surface of the ground, flocks of starlings may be seen on
lawns and in pastures digging up grubs with theiv long pointed
bills. In lawns the smal! circular holes made by these birds are
sometimes not move than 2 inches apart. The stavlings reduced
the grub popuiation in one lawn from about 100 per square foot to
5 or § within a few days, The crows, instead of extracting the
grubs through small holes, Trequently pull up small pieces of turf
and scatier them over a lawn. (Covy and Langford 19255; Flem-
ing 1838, 1964 Hadley and Hawley 1844, Polivika 7950, White
1941)

Toads

The common toad {Bufo lentiginosus) eats a great many beetles.
An examination of seven foads in a heavily infested area showed
that 22 percent of the stomach contents consisted of vemains of
beetles. However, toads are not suficiently abundant to be a factor
in the control of the beetie {Smith and Hadley 1826}.

Mammals

Foir many years hogs have been known to gorge themselves on
white grubs in heavily infested land. Davis (71920) recommended
using swine to reduce grub populations in pastures,

Sim (71934) investigated several small mammals as possible
destroyers of grubs. The common mole {(Sealopus aqnaticus 1)),
the star-nosed mole (Condylura ervisteta 1), the shovt-tailed shrew
(Blarina brevienuda (Say) ), and the skunk {(Mephitis mephitis
P. & B.} fed readily on grubs while in captivity. The common mole
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is abundant in the sandy soil of the higher parts of the Coastal
Flain. 1t works back and forth, just beneath the surface of the
soil, while hunting for grubs in a lawn, and eventually may cover
practically the entire lawn, The star-nosed mole has similar habits,
but it 1s more prevalent in lower ground along streams and ponds
where the soil 1s constantly moist.

The short-tailed shrew is the largest and the most generally
distributed of its kind in southern New Jerscy. In captivity it
eagerly attacked grubs. [Each shrew ate 18 to 20 grubs for a meal.
Within an hour it was eating agam. In view of its great abundance,
this species undoubtedly destroys a large number of grabs in the
Reld.

The largest and most diligent of the quadruapedes that prey on
grubs is the skunk. Although practically omnivoious, the skurk
has long been vecognized as a hunter of scarabacid larvae. One
skunk was observed digging almost daily in a grub-infested lawn.
The holes were numerous, but scarcely lavger than those made by
the starling and not conspicuous cnough to disAgure the turf.
Friend (1542) reported that destruction of grubs by skunks had
increased in Connecticut in 19.1,

Although chiefly herbivorous, several species of mice fed on grubs
to some extent while in captivity, including the pine mouse {Pity-
mys pinelorum scalpsoides (Audubon & Bachman)), the Pennsyl-
vania field mouse (Microtus pennsylvanicus {(Ord.)), the red-
backed mouse (Cletrionomys guppert rhoadsi (Stone)), the deer
mouse (Peromyscus leucopus and var.), the house mouse {Mus
musculus L.}, the jumping mouse (Zapus hudsonius and Var.),
and the Lemming mouse {Synapfomys cooperi Baird). However,
with the possible exception of the pine mouse, which lives almost
entively underground and has somewhat molelike modifications in
structure, the usefulness of mice as destroyers of grubs is limited
(Sim 19334).

Predaceous Insects

Smith and Hadley (19.26) reported that larvae of Calosoma eali-
dum Fab., Poecilus lucublandus Say, Harpalus caliginosus {Fab.),
Staphylinus nysticus Ev., and Tabanus sudeifrons Macq. Ted read-
ily on the immature stages of the beetle. Hallock {14529} observed
larvae of Tabanus quinquevitiatus Wied., Psilocephalae haemor-
rhofdalis {Macq.), Harpalus pennsylvanicus DeG., Effenia aestu-
ans (L.}, and Ommatins maryinellus {Fab.) fecding on grubs.
Adults of Carabus nemoralis Mill, Harpalus vagyens Lec., and
Chluenius sericeus Forst. would also feed on grubs (Smith and
Hadley 1928).

White (7940) obscerved ants occasionally atfacking living grubs
and adult beetles in the field. Several species of ants were involved,
including Formica pallide-fulva nilidiventris Emery, F. fusea L.,
F. rubicunda Emovy, F. integre Nylander, F. subintege Emery, F,
neogagates Kmery, Solenopsis moleste (Say), Acanthomyons clavi-
ger (Roger), A. interjectus (Mayr.), Lasius alienus {Foevrster), L.
neoniger Ewmery, Pheidole morrisi Forel, P. pilifera {Roger), P.
bicarinale vinelundica Forel, Cremalogasier cerasi (Fiteh), Tetra-
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morium caespitum (L.}, Tepinomu sessile (Say), Monomorium
minimum (Buckley), Prenciepis Imparts {Say), Aphaenogasier
sp., and Myrmice spp. These ants had little effect on populations
of the immature stages of the beetle, F. fuscu was observed over-
powering adults of Tiphic vernalis Rohwer and T. popilitavore
Rohwer, parasites of Lhe beetle grubs, One ant, S. molesta, con-
sistently damaged a small percentage of the cocoons of these
parasifes.

A few predaceous insects occasionally attack the adult beetle.
Davis (1920}, Bromley (1246), and Moul {1945) saw the wheel
bug {(Arilus erstatus (L)) atiacking beetles. Bromiey (1945)
observed robber flies (Laphria grossu (Fab.), Prolacanthus nigri-
ventris Macq., and P. philudelphicus Macq; preyirg on bestles.
Davis (7920) saw the spined soldicy bug (Podisus maculiveniris
{Say) ) attacking beetles. The praying mantis (Paratsnodera
sinensis Sauss.) oeccasionally captures bectles, These predaceous
insects feed not only on beefles but also on other insects. However,
native predacuous nsects ave not normally numerous enough to
markediy reduce the beetle population.

Purasitic Insects

Frison (unpublished) studicd the native Tiphiidae as parasites
of Popillic grubs. In laboratory tests a few native Tiphie species
deposited eggs to a limited extent on the grubs, but none of the
developing larvae were reared to the cocoon stage. He induced Elis
obscura Fab. and E. guiguecineie Fab., parasites of Phyllophaga,
to deposit eggs occasionally on Popillia grubs, but none of the
parasitic larvae developed sufliciently to form cocoons. Brunson
(unpublished) conducted tests with Tiphin intermedia Mall
Thirty-five females parasitized 796 grubs, but only 31 of the
parasitic larvae formed cocoons and only 15 of them emerged as
adults. Jaynes and Gardnev (19.24) studied a Tiphic sp. normaily
parasitic on Cyclocephale imumaculate Olivier, A few eggs were
deposited on Popiliic grubs, but only one larva developed to the
cocoon-spinning stage and it subsequently died. Occasionally other
Scoliidae species have been observed attacking the grubs. Morve
recently King and Parker {unpublished) found a native dipteron,
tentatively identified as Piilodexia sp., parasitizing Popillia grubs.

Hallock (1929¢) found that the flesh Ay (Roeticheria lafisterna
(Park.)) did not attacl living Popillic grubs, but larvae placed
on freshly killed grubs developed rapidly, and after feeding for
4 or 5 days wandered away and pupated in the soil. This species is
probably more of a scavenger than a pavasite.

The results with native pavasitic insects have not been encourag-
ing. They appear to have only a minov part in controlling the
heetle,

Foreign Predaceous and Parasitic Insects

Plans were made by the former U.S. Burcan of Entomology in
1919 to study the predacecus and parasitic insects attacking the
beetle and closely related species in the Orient and to ship the most
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effective species to the United States for colonization in the beetle-
infested areas. It was hoped that biological control ¢f the beetle
could be attained ultimately in its new environment.

Tillard (1922) reported that the lacewing (Jthone fusca New-
man) was predaceous on various soft-bodied insects, particularly
larvae of the Scarabaeidae in Australia. A consignment of eggs of
this species was forwarded to New Jersey late in 1921 for tests
with Popillia grubs. Several of the eggs hatched, but the larvae
died before reaching the second instar (Smith and Hadley 1926).
More recent investigations have shown that larvae of [thone are
unable to feed on other insects and probably derive cheir food
from plant voots (Clausen 1940).

The colonization of foreign parasites in the United States was
stimulated by the appavently successful introduction of the Scolia
wasp (Scolie manilae Ash.)) into Hawaii to contrel the oriental
beetle (Anomale orientalis Waterhouse). Although S. mawilae is
not a true parasite of the Japanese beetle and it is a tropical species
native to the Philippine Islands, there was a possibility that it
might be of some value in controlling the beetle in the United
States. 0. H. Swenzey forwarded a small consignment of Seolia to
New Jersey in 1919 and T. F. lllington made larger shipments in
1922 and 1923. This wasp parasitised Popiflic grubs readily, but it
did not survive the winter in the tzmperate climate of New Jersey.
{Hadley unpublished; King unpublished ; Smith and Hadley 1926)
Explorations

C. P. Clausen and J. L. King were sent by the former U.S.
Bureau of Entomology in 1920 to study the predators and parasites
of the beetie in Japan. The investigation was confined for the first
2 years to the Japanese islands. In 1922 it was extended to Korea
where P, japonice was not found, but the presence of other species
of the same genus gave promise of additional parasites of value.
By 1923 the explorers had found two species of Tachinidae that
were parasitic on the adult beetle and in addition two species of
Tachinidae, one species of Scoliidae, and three species of Tiphiidae
that were parasitic on the grubs. A predator, one of the Carabidae,
also was found. (Clausen and King 19224, Clausen et al. 1927)

When it was discovered that parasites of other species of Popillia
would attack 2. japonica, it was possible to extend the search to
other arcas where the genus Popiilic was known to occur. Without
interrupting the investigation in Japan and Korea, the explora-
tion was extended elsewhere. During 1923-24 a Russian entomol-
ogist, who was nol identified, explored the Crimean region of
Russia, but found no parasites of Popitlic. J. F. Illington and H. A,
Jaynes explored the coastal region of China from Peiping south-
ward to Amoy and up the Yangtze River Valley as far inland as
fchang during 1923-26. The main centers of collection were in
the outlying districts about Shanghai and Foochow. P. jeponice
was not tornd in China, but there were several other species of the
genus and several other Scarabaeidae. The adult heetles were
almost entively free from attack by parasites, but several parasites,
some of which occurred in Japan, were found attacking the grubs.
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The investigation in China was discontinued in 1926 because of
the unsettied political situation there.

The Khasi Hills in Assam, India, where the altitude is high
enongh to give a temperate climate, were explored by C. P. Clausen
and L. B. Parker during 1925-29. P. japonice was not found there,
but other species of Popiilia and of Scarabaeidae were abundant.
Several additional parasites were found in India. R. W, Burrell
searched for parasites in southeastern Australia during 1930 and
1931. The genus Poyillic is not represented in the fauna ot Australia,
but other Scarabaeidae species ave very abundant. A preliminary
study was made of the common parasites. In addition to the main
fields of exploration, special trips were made to Formosa, the Philip-
pine islands, Java, Malaya, Burma, and Ceylon. After 1931 the in-
vestigation was confined largely to Japan aud Kovea. The Japanese
Beetle Laboratory discontinued active pavticipation in the foreign
parasite investigations in 1931, when all these invesligations in
the Bureau were grouped in a new division. (Burrell unpub-
lished ; Clausen et al. 1934, Gardner and Parker 1940, Hadley un-
published; King unpublished}

The search for parasites during 1920-33 in Japan, Kovea, China,
India, Formosa, and Australia disclosed that (1) adult beetles of
the genus Popillic and related Scarabacidae were parasitized by 7
species of Tachinidae and 1 spucies of Pyrgotidae; (2) the grubs
of these specics wore parasitized by 2 species of Tachinidae, 2
species of Seoliidae, and 52 species of Tiphiidae; and (3) both
stages were attacked by 1 of the Carabidae {Burrell unpublished;
Clausen et al, 1927, 194.;: Gardner and Pavker 7940). Most of the
parasites were new species. They have been descvibed by Aldrich
(1923, 1928), Allen and Jaynes (t9Jn), Parvker (/0.3, 1937),
Roberts (1940), and Rohwer (1924, 10.27). Allen {19.4) also de-
seribed 12 new native Tiphic species so that they could be dis-
tinguisned from the loreign species. Allen (1945, 1961, 1962, 1965)
and Allen and Krombein {7464) continued the taxonomic study.
Allen (1966) published the first mwonograph on the Tiphiinae of
eastern North America. The parasites discovered, with the coun-
tries where they were found and the specics of Scarvabaeidae at-
tacked by them, ave listed in table 1.

Biology of Important Parasites and a Predator in
Far East
The life history and habits of the more important parasites and
a predator of P. japonice and velated species in the FFar Last were
studied to evaluate their potential effectiveness in controiling the
beetle in the United States,

Parasites of Adult Beetle

Eutrivopsis javana,—In 1923 and in 1928 a few_adults of
Fubricopsis jevane were rearved at the Japanese Beetle Labovatory
from shipments of beetles pavasitized by Hyperecteina aldricht,
which had been forwarded from Sapporo, Japan. Altheugh efforts
were made to oblain information on this tachinid, nothing was
known about its life history and habits in Japan. Apparently
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TaBLe 1.—Some parasites and o predator of Popillia and other Scarabaeidae
tn Japan, Korea, China, India, Formosa, and Australia

Species Native land I Normal hosts

PARASITES OF ADULT BEETLES

TACHINIDAE

Erythrocera genadis (Aldrich)_.________._______] (1.
Butrizepsis juvane Townsend__§ Japan_________] Papillia japonice Newman,
“ Angmala sp,
Hemuziu dncongrin Walker_ - | Jupan, Korea, Popillia japonice, P. guadigut-

China, India. tata (Fab.), P. chinensis
Friv., P. eyanee Hope, P.
cupricollis Hope, P. mulans
Newm., P. pustuiaia Fairm,,
Anomala orientalis Waterh,,
Adoretus tenuimaculatus

Waterh,
Hyperecleing aldrichi Alesnil *_ | Japan. . _______] Popiltia japonica.
Hypereeteina unicoloro ... __ Koren, ._______} Anomala steverst Heyd.,
{Aldricl), Phytlopertha pubicollis

Waterh,
Palpostoma spp. (mixture of 7. | Australia l Anoplognathus chlorepygqus
testacea R. 13, and P, Drapiez, A. flavipennis
subsessitis Malloch), Loisd., A. oliviert Dalm.,
Repstmus aeneus Fab,,
Anodontonyz hirticeps
Blackb., Scitala rugosiceps
Blanch., S. serfcans Tir,,
Metynastes vulgivagus ONif.
Trophops clunseni Aldrich_ ... ] Jupan_________ Popittia japonica, Anomala
rufocuprea Mots.

PYRGUTIDAE
Adapsitia flaviseta Aldrich___§ Indin _______ Popilliu cupricolliy, P. cyanea,
P. macclellandi Hope.

PAEASBITES OF GRUBS

TACHINIDAR

Dexille ventralis  Aldrich. __ . Korea, Phytlophaga spp., Popillic
Manehtria. quadriguttala, P. atrocoe-
rulea Butes, Miridba koreana
N. & K.,dnomala spp.,
Phyllopertha spp., Sarica spp.
Prosena siberita {(Fabricius). ] Japan, Korea, Popillia japonica, P. cupri-
India, collts, Popillia spp., Anomalo
app., Aderetus sp., Serica spp.
SCOLITDAH

Cumpsomeris annnlate Faliiciue ] Japun, Koren, Hololrichia diomphalia {Bates),
Clhina. Popillia spp., Anomala spp.
Scolia japonica Smitho__..___. | Japan, Koren__| Popillia japonica, Anomala spp.

' Erythracera genalis (Aldrich) waa reared nt the Japanese Beetle Laboratory from
adults of P. jeponica collected in central Japan in 1925 and shippew for rearing of
Hamazia incongrua Walker; since then it hus never been encountered in this study.

* Cenleler cinerca Aldrich, o synonym of Hyperecieina aldrichi Mesnil, wus used in
Japunese beetle publications,
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TasLe 1 ~—Some parasites and a predator of Popillia and other Scarabaetdae
in Japan, Korea, China, India, Formosa, and Australio—Continued

Species

Nalive land

Normal hoals

PARASITES OF GRUBS—continued

TIPIIIDAE
Tiphie agilis Smith_____.____

Tiphie antigenaty Allen &
Jaynes,
Piphia asericee A & JoooL ]

Tiphi assamensis A. & J__. ..
Fiphin anbumnelis Rohwer_ . __ ]
Piphia biverinete Cam_ o ]

Tiphta biscoudata A, & J__ . _ dJapan. .o
Tiphia brevicarinata A, & J____ 1 China___..___]
Piphia brevifineate A. & J_..__J Japun, Korea__|]
Tiphia brevistigne A & ... _] Indin_ ... __]
Tiphia burrellt Parker_________| Jupan.._______]
Piphie capiilate A. & J_ . ___ India..______J]
Tiphic castanegevora Parker___ | Japun_o._ .. ._]
Piphia eilicingta A, & J_______ | China__-.—-. -4
Piphio cluwseni A, & J_ ... Indiz__._oo__..]
Piphie communis A. & J______| China_________]
Tiphia compressa Soith. o Ching,
Philippines.

Tiphia fossate A, & Joo . ___ 4 Koreaoo_ oo
Piphia fruler Parkero____ .| Clinga oo
Tiphia fukiensis A, & Jo_ .. —_do____.__.]
Tiphic homencuiaris Parker oy Japan._
Piphia inconspiean A, & J._____j China, Japun___
Fiphia tsolate Parker_ o _._._ JADAN
Y'{phie koreana Rohwer____  __(Korea___..._.._.
Tiphia latistriata A & J. . —t Horen, China. . |
Tiphta levipunctale A, & J. .. Tndio_ .-
Tiphia loagilequlate A, & J. .. China_ oeooooo

f'iphta tyrate Magretti oo ___..
Tiphiu malayana Com__ . ___

Piphia malure A & J
Tiphta minutopunclate A, & J___
Tiphda nana A & J___ ...
Tiphin nervidirecte A, & J_ .~
Tiphia notopolite A, & Jo.—___

Tiphin notopolilu allent Roberts

]

Japan, Korea,

Japan, Koreu,
Chinn.

India_ o ______.]

Jupan, Korea_ _ ]

Jupan, Korea,
Chinz.

Burma, China_.
Borneo, Chit,

Korea,
Japan, IKores,
China.

Maludera orieniatis Mots,,
Serica sp.

Serica spp.

Popillia cupricotlis,

Popiflin spp.

Anomale sieversi Heyvd.,
Phyllopertha pulicollis.

Anomala schénfeldly Ohauvs, A,
orienlalis.

Anamala sieversi, Phyllopertha
pubicoltis, Popillic mulans.

Anomeala cuprea Hope, A,
rufocupreq, /. schonfeldli,
Mimelu lestaceipes {Dota.).

Maladera casianea {Arrow),
Serica spp-

Popiitia 3p.

Maridiba lrichophorus Fairm,,
Popillia formosena Arrow,
Aunloserica spp.

Adorelus 8p., Serica 8p.
Serica sp., M aledera castanea,

Serica sp., Maladera coslaneq.

Anomala steversi, Popillia
elrocoerulea, Phyllopertha
pubicollis.

Adoretus sp., Popillin chinensis,
Serica ap.
Poyittia cupricollis.

Popiltic chinensis, £. formosana.

Phytlopertha vonspurcate Har., P.
pailidipennis Reitter, Anomala
orientalis, A. schionfeldli.
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TaBry 1.—8Some parasiles and a predalor of Popillia and other Scarabaeidae
tn Japan, Korea, China, India, Formesa, and Australia—Continued

Hpecien Wative land Mornnl hoats
PARABITES OF GRUBS—continued
TIPHIIDAE—continued

T'iphiv ovidorsatis A, & J_._____] Koren_________] Serica ap.

Tiphia evinigris A, & J________] _.._ O I

Tiphia phytlophagae A. & J____] J up:luj, Korey, Phyllophaga spp.

ina.
Tiphin pigmentata A, & J._____ | China___....._/
Tiphta popiltiavora Rohwer.__| Japan, Kores, Po&)ﬂim Jeponica, P. atrocacrulea,
China. B quadrigutiata, P, chinensis,

P. formosana.

Poiphia pullivora AL & J________] Indin_____.___] Popiilia cupricollis, Popillia spp.

Tiphie rufomandibulate Smith | Chinao___.____]

Piphia satod Purker___________] Korea_____.___J Serica spp.

Tiphic singularis A. & J_____ __] China___..____.

Tiphia sternata Parker________ Japan______.__] Serice spp.

Piphiu sternocaringte A. & J_ . China_________]

Tiphia slernodentate A & J____ | Koren_..___. |

Piphin legitiplaga A. & J_______ | Japan.._______] Anomal schinfeldti, A.
rufocuprea, A. orienlalis,
Phyllopertha conspurcale.

Tiphia totopunclata A, & J______| China, Korea_ __| Anomala steversi, Phyllopertha
pubicoilis.

- Piphia vernalis Rolwer. - _____ | Japan, Koren, | Popillin japonica, P.
hina. wadriguitala, P. chinensis,
opillia app.

THphic sp. (Toiwan 53). ___ ____| Formosa_ ... _. ] Popillia quadriguitata, P,
chinensis.

Piphia ap. (Taiwan 2)_ .. ____ 4 ____ do ... .l Anemala sp.

FPREDATOR OF ADULT BEETLES AND GRUBS
CARABIDAE

Craspedonoluy  tibdalis Schuumd Japun__ . ___ Popillia japonica, Anomala spp.,

Serice spp., other insects.

Eutiizopsis at times parasitizes P. japonica in the absence of some
other host. This parasite was considered to be of little importance
in the control of the beetle in Japan. (Gardner and Parker 1940)

Hamaxia incongrue.—This species is a parasite of the adults of
many Scarabaeidae species and is widely distributed throughout
the Asiatic region. In Japan where Homazia neongrua is a para-
site of P. japonica, it has two and possibly three generations a year.
Being of erepuscular habit, it is active during the early morning
hours and in the evening.
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Although the exact method of parasitization is not known, it is
presumed that the female fly deposits fully developed larvae either
on the beetle or on nearby foliage and that these larvae enter the
heetle through the softer parts of the body. Parasitized beetles
were found in central and western Japan from the middle of June
to the end of August, but at no lecality was the parasitization more
than 20 percent, and it usually was less than 5 percent.

In areas where adults of P. juponica are present in the field
for 2 months or longer, Humaxic is able fo develop two generations
on this host, but in areas where this does not occur, other scarabaeid
beetles are necessary to preserve the species, In Korea many female
parasites were in the field during late September and early Octo-
ber when it was cool and no beetles of any species were available
for attack. Possibly part of the Hamaxie population may pass the
winter in the adult stage. (Clausen et al, 1927, 1933; Gardner
and Parker 1940)

Hyperecteinag spp.—Hyperecteina aldrichi is the most effective
parasite of the adult beetle in northern Japan. On the island of
Hokkaido, wheve theve is a partial 2-year cycle of the host so that
beetles are abundant every other year, 20 to 90 percent of the
heetles are parasitized each year. On the island of Honshu, where
the beetle has one generation a year and the number of beetles is
fairly constant from year to year, about 50 percent of the beetles
are parasitized each yeay. H. aldrichi has one generation a year.
The appearance of the fly in the fields is well synchronized with
that of its host. The flies feed on aphis honeydew and at the nectar
glands of various plants, particularly Pelygonum reynoutria
Makine.

Oviposition usually takes place on the female beetles of mating
pairs, since they are not alarmed as readily as single beetles. The
egg is usually placed dorsally on the thorax. The female fly does
not discriminate between parasitized and unparasitized beetles,
The deposition of eggs is governed by chance, so that more than
one female may deposit an egp on a beetle. Some female beetles
were found with as many as 14 eggs on the thorax. The parasitic
larva is fully mature within 36 to 48 hours after the egg is de-
posited. While still inside the eggshell, it drills downward through
the shell into the body of the beetle, where it consumes the contents
of the thorax and the abdomen. The beetles usually die within 5
days. The parasitic larva then pupates within the skeleton of its
host. The pupal period lasts about 10 months. The mature fly then
breaks the cap of the puparium and works its way through the
soil to open air. (Clausen et al. 1927, 1983, Gardner and Parker
1940)

Hyperecteina unicolor, a parasite of Anowmala sieversi and Phyl-
loperthe pubicolits in Korea, has habits similar to those of H.
aldricht (Parker 1934).

Palpostomu spp.—Two tachinids, Palpostoma testacen and P.
subsessiliz, are the most important parasites of Scarabaeidae adults
in scuthern Australia. The combined parasitization by these two
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species of flies ranges up to 25 percent on Anoplognathus oliviert,
the preferred host, in the vicinity of Woy Woy, New South Wales.
The parasitization was lower on the other species of beetles, The
size of the host beetles vanged from smaller than P. japonica to as
large as Cotinis nitide (L.) and Pelidnota punctate (L.) In the
United States. There are probably six o1 seven generations from
October through May, but they are not distinct. The flies are noc.
turnal. Their most active period begins at dusk and lasts about
3 hours,

The female fly probably deposits young larvae directly on the
host beetle. The tarvae enter the host through the softer chitin
connecting the segments or near the base of the wings, and feed on
the thoracic and abdominal tissues. The beetles die 5 or 6 days
after being parasitized. The parasitic larvae mature 5 or 6 days
after the ceath of the beetle and pupate within the skeleton of the
host. The flies emerge from the puparia 8 to 11 days later. It was
not determined how Pulpostoma overwinters in the feld., {Burrell
unpublished)

Trophops cluaseni.—This species is a parasite of adults of P,
jopontee and Anomaln rufocupree in western Japan. Trophops
clanseni is apparently nocturnal because the fly has never been
observed in the field. The female fly deposits living larvae, but the
exact manner in which it attacks the beetle or the manner that a
larva penetrates its host has not been determined, The parasitiza-
tion of P. japoniva in the field is low, averaging less than 2 percent.
About two-thivds of the beetles parasitized were males. There ave
at least two generations a year, the first on P. Japonica and the
following one or more on available Popillia and Anomale species.
(Clansen et al. 1938 ; Gardner and Parker 1940)

Adapsilia flaviseta.—This insect was found parasitizing adults
of Popitlic cupricollis and occasionally P. cyanew and P. macclel-
landi in a forested area a few miles from Shillong, India, where
there was a fairly dense undergrowth of brush at an elevation of
5,000 feet. It was determined experimentally that Adapsilie flavi-
sete would accept P. japonica as a host. The correlation between
the emergence of A. flavisete and that of the beetles in India was
not always as close as might be desired. In 1928 most of the
beetles emerged about 10 days prior to extensive oviposition by
the parasite,

In parasitizing a beetle, the female remains quiescent on the
foliage near a feeding beetle until it takes flight. Then the fly
immediately pounces upon the bectle from above and quickly
inserts an egg through a long, slender, sharp ovipositor into the
middorsal region of the abdomen near the Junction with the thorax.
The eggs hatch in about 3 days and the larva begins to feed on
the contents of the abdomen. The larva pupates 12 to 15 days later.
The beetle is killed 3 or 4 days hefore the parasite pupates, There
is a single generation a year. The winter is passed in the puparium
in the body of the host beetle. {(Clausen et al. 1938; Gardner and
Parker 1940)
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Parasites of Grub

Dexilla ventralis.—This species is the most common of the
Tachinidae in Korea. Dexilia ventralis has three complete genera-
tions a year on a variety of hosts, including Miridiba koreana, Phyl-
loperthe spp., Phyllophaga spp., Anomate spp., Serice spp., and
Popillie spp. P. juponica does not occur in Korea, but it was de-
termined experimentally that D). ventralis would accept grubs of
this species. The fly is crepuscular in habit; it is active al dawn
ant in the evening. The adult flies have not been observed feeding
i the field, but they probably feed on honeydew or nectar because
the mouth parts are short with broad flat labella,

The adult female scatlers living larvae promiscuously over the
surface of the soil. The first-stage larva burrows at once into the
soil in search of a host, but appavently does not discriminate in
the choice of a grub other than its physical characteristics. 1n a
short time it enters a grub. The parasitic larva has three instars,
the first ol which lasts only a few hours. Affer the first molt a
spiracular funnel is formed. The larva feeds on the tissues of the
grub for 12 to 16 days and consumes everything except the integu-
ment and the head capsule. The larva then draws away from its
spiracular funnel, tears an irregular hole in the posterior ventral
segments of ifs host, moves a short distance away, and forms a
puparium. The iy emerges from the puparium 15 or 20 days later.
The last generation of larvac develops until it has completed
growth in the second stage. The development then ceases and the
parasitic larva overwinters within its host. {n the spring the larva
resumes activity and completes its development within the host.

With Popillia as the winter host only two generations ave pro-
duced each year, but three generations are compileted with Miridibe
as the winter host. In Korea there is a different species of grub
for each generation of the parasite. (Buvvell 19051, Clausen et al.
1927, 1934; Gardner and Parker 1940)

Prosena siberita.—Another tachnid, Proseng siberilq, which is
generally distributed through the Asiatic regions, is an important
parasite of P, juponice in northern Japan. I is capable of develop-
ing on many species of scarabaeid grubs. The adult fly is somewhat
crepuscular in habit; it is active on cloudy days and about sunset
on bright days. P. siberila has one genevation a year. The species
is primarily a parasite of . juponice in Japan, normally parasitiz-
ing 10 to 15 percent of the grubs.

The female fly deposits larvac promiscuously on the soil. The
young larva burrows about in the soil in search of a grub. When a
grub is found, the larva seeks out a erevice or suture in the integu-
ment and commences penctration. This is accomplished in 1 or 2
hours. The first-stage larva Hes within the body of the host sur-
rounded by fluids and masses of fatty tissues. No permanent con-
nection for respiratory purposes is made at this stage. Farly in
the second stage, however, the caudal spiracles are attached to a
main tracheal trunk near the thoracic or first abdominal spiracles
of the host. The body of the larva is directed caudad and feeding
takes place largely in the midabdominal region. The second molt
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oceurs usually in the early spring. The development of the larva
in the final stage is very rapid. The body of the host grub becomes
more translucent with the consumption of the fat bodies. The grub
remains alive and active until practically ali the body contents,
except the vital organs, are consumed. After the death of the host,
the larva tears a hole ventrally in the integument of one of the
distal segments of the abdomen, severs its connection with the
respiratory funnel, reverses ils position, and completes feeding in
the thoracic region. Pupation takes place in the soil 1 or 2 inches
below the carcass of the host.  {Clausen et al. 19.27, 1983, Gardner
and Pavker 1040)

Campsomeris annulata.—The larvae of Ewo large solitary wasps,
Campsomeris annulele and Seolia Juponiva, are external parasites
of the larger grubs of the Scarabaeidae in Japan, Korea, and China.
C. unnulala is the more prevalent. Although it normally parasitizes
species of Anomaie and at times Holotriehia diomphalia, it was
determined experimentally that the parasite would accept third-
instar grubs of P, juponica. The adult feeds exclusively on the
nectar of various blossoms, particularly those of thistle, wild car-
rot, whiteclover, goldenrod, and the Negundo chaste-tree (Vitex
negunds 1.} and never on secrelions of insects. There are ap-
parently three generations a year in Japan and Korea, and there
may be a fourth brood 1n China. The winter is passed in the pupa!l
stage in Lhe cocoon,

The female wasp burrows extensively in soil searching for
grubs. When a grub is located in its celi, the wasp curls its body
transversely about it and inserts its stinger several times into the
thoracic region, causing complete and permanent paralysis. It
may sting many more giubs than it is capable of parasitizing
successfully. However, grubs that are stung but do not receive an
egg never recover. The wasp then burrows deeper into the soil,
dragging the paralyzed grub behind it, and forms a cell within
which the grub is placed,

The cgg is attached lightly on the ventral surface of the grub
so that it stands vertically on its posterior end. At hatching the
chorion is broken over the head and thoracie segments and the
forepart of the body of the larva emerges. The larva bends forward
and is soon able to make a leeding puncture on the median line
of the segment preceding that bearing the egyg. Very shortly there-
after the larva moves entirvely out of the eggshell and lies either
longitudinally or diagonally on the body of its host. At first only
the head is embedded in the feeding puncture, but after the first
moit, the larva penetrates farther until the thoracice segments are
within the body of the host. The puncture at this time is slightly
less than 2 mm, in diameter, and there is 2 marked exudation of
body fluids, which appear as a ring about the neck of the larva.
The early feeding is largely in the anterior part of the body, hut
fater the position is reversed and the entire contents of the host
are consumed. The larva spins a cocoon and pu pates in the cell with
the remains of its victim. (Clausen 1940; Clausen et al, 1927,
1932, 1933)
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Tiphiidaue.—The family Tiphiidae is the dominant group of
hymenopterous parasites attacking grubs of the Scarabaeidae in
the Far East. All species are solitary wasps and develop as external
parasites, usually on the final larval stage of the host, although if
necessary they will attack smaller grrubs., The many species of the
genus Tiphic ave widely distributed in the Far East. Most of them
occur in the temperate regions and have only one generation a
vear, Species such as 7', asericae, T. maturg, and 7', vernglis, which
emerge in the spring, hibernate as adults in the cocoon, whereas
those such as 7. bicarinate and 7. popillicvore, which emerge in
the summer and fall, hibernate in the larval stage. Pupation of the
summer and fall species occurs only a short time prior to the
appearance of the adults,

The spring species almost {nvariably subsist on honeydew se-
cretions of aphids, scale insects, leafhoppers, and other homop-
tera; however, 7. vernalis and 7. maloynna also feed at the blos-
soms of forsythia. During the late summeyr and fall, honeydew
is largely unavailable. The species occurring at that time feed
instead at the blossoms of vavious planis, especially those of the
Umbellifera and Polygonacea and on the nectar from various
glands associated with foliage,

Usually each species of Tiphin parvasitizes several species of
grubs in the same genus, but not grubs of other genera. 7. vernalis
has as its normal host Popitlic quadriguttaia in Kovea, P, chinensis
in China, and P. japonice in Japan, whereas 7. popillizvora nor-
mally parasitizes . alrococrulea in Korea, P. chinensis, . for-
mosane, and others of that genus in China, and P. japonica in
Japan. 7. biseculata has as its normal hosts Anemala orientalis and
Ao sehonfeldii, whereas T, burrefil has A, cupree and Mimele
testaceipes. T, castuncacrvora, T. isolata, and T. homoncularis
have as their normal hosts Maladera castenea and species of Serica.
T. phytlophagyee normally parasitizes species of Phyllophaga.

it is usually necessary to have suitable grubs near the feeding
grounds when Piphic adults appear in the fleld. 7. maluwra is an
exception to this general requirement. This species {ravels several
miles in India to aphid-infested plants where it feeds and then
relurns for oviposition. The lack of sufficient food for the adults
and ol suitable grrubs in the ficld limits the effectiveness and distri-
bution of Tiphic in the Ifar Bast. (Clausen 1940; Clausen et al.
1927, 1832, 1923, Gardner and Pavker 1240; Jaynes and Gardner
19.24)

Clausen et al. (1927, 1923) and Gardner and Pavker (1940)
studied the life history and habits of the many species of Tiphia in
the Far East. There is little difference in the biology of the various
species occurring in diflevent countries or in widely separated areas
of the same country, other than in the time of the year that the
adults appear in the field. The manner of attack by the females of
all species on grubs is relatively uniform and corresponds to that
described tor 7. popitlicrora.

The female of 7. popillicrore burrows into the soil and gains
access to the cell occupied by a grrub, The parasite first erawls over
the dorsum of the grub from the rear, curls its abdomen downward
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and around the side, and inserts its stinger into the ventor of the
thorax, usually between the first two segments. The stinging is
repeated until the grub is quiescent. The wasp then turns to the
abdomen and kneads the ventral surface. When this is compieted,
it grasps the lateral margin with its mandibles and coils its body
transversely over the dorsum of the grub to the ventral surface,
forming almost a complete circle, and applies the tip of its abdomen
to the groove between the fifth and sixth abdominal segments and
moves it backward and forward several times to widen the groove,
During this preparation any egg or young larva that may be
present as a result of earlier oviposition is rubbed off or broken.
The egg is finally exfruded and is firmly attached by a mucilaginous
material. The position in which the egg is placed on the body of a
grub is virtually constant with each species of Tiphia. The varia-
tion between species is with respect to the segment where the
egg is attached venirally, laterally, or dorsaily and the orientation
of the egg with respect to the median line of the grub,

After depositing the egg 7. popillicvore may bite or chew one
of the legs of the grub and then imbibe the fluid that exudes from
the wound. The grub recovers from the effect of the sting in 20
to 40 minutes. The hatching of the egg is effected by a fongitudinal
split of the chorion over the head and thorax of the larva. The
head is extruded and a feeding puncture is made. Each successive
instar makes a new feeding puncture a short distance in front of
the previous one. in the last part of the fifth instar, suctorial feed-
ing is abandoned and the entire body of the grub, except the head
and legs, is consumed. Death of the grub does not occur until the
parasite is in its fifth larval stage. The larva then spins a cocoon
in the cell of its vietim and pupates.

Clausen et al. {1924) and Gardner and Parker {19240} found that
there was a marked difference in the lLime that 7. popilliavora
appeared in the field in Japan, Kovea, and China. [t emerges about
the n.iddle of August at Koiwai in northern Japan, about 2 weeks
earher than at Suigen, Korea, although the temperatures during
the summer are higher in Korea than in Japan. At Nanking, China,
near where 7. popillicvore is found, the monthly temperafures ave
higher throughout the year than at Suigen, but the parasite
emerges 3 weeks later there than in Korea. These biological dif-
ferences would normally indicate that more than one species is
involved. However, the anatomical differenceg in the specimens
from those countrics have not been sufficiently coustant to demon-
strate that there is more than one species. This also was the opinion
of Allen and Jaynes (1930). In view of the biological differences,
individuals from these countries are considered to be separate
strains or races.

Predator of Adidt Beetie and Grub

A carabid, Craspedonotus tibialis, oceurs abundantly in the
sandy areas near Miho, a small seacoast village about 50 miles
south of Yokohama, Japan. It is predaceous on both the larval and
adult stages of many insect species, including the Scarabaeidae.
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There is one generation annually. Hibernation takes place ap-
parently in the last larval stage. The adults live in deep tubular
burrows, 10 to 18 inches decp, which enter the soil at an angle of
457, The eggs are laid singly in small cells, about one-half inch
deep, which angle olf in a downward direction from the main bur-
row. Apparently the entire cgg-laying period of the female is
passed in the butrow, except for periodic forays for food. {Clau-
sen et al. 19.27)

Hyperparasites in Far Bast

As opportunity afforded, Clausen (1827} and Clausen et al
(1927, 19.22) studied the insect enemies of Tiphic in the Far East.
It was not possible to make extensive collections of Tiphiv cocoons
in dapan for reanng hyperparasites because very littie wasteland
was available for extensive digging, but one natural enemy, Palarus
saishinensis Okam., was found in Korea and others in India.
P. saishiaensis, one of the hunting wasps, stores its underground
nesk with various adult bees and wasps. About two-thirds of these
were species of Tiphie. Most of the Tiphia were fomales.

The velvet ants {Mwdella atto nuala Spim. and M. stephani Magr.)
purasitize a small proportion of the cocoons of Tiphic mainra in
the field. An examination of the parasitized cocoons showed that
the development of the hyperparasite had been completed on the
mature larvae,

Several adults of Prerilampus sp. emerged [rom cocoons of Tiphia
pullivora that had been collected in the field. The cast skins of the
Peritampus planidia were found attached o the lavval skin of the
host, aithough development had been completed on the pupae.
Perdampus 1s not considered to be a normal pavasite of Tiphia. The
few instances of parasitism vepresent stray planidia, which in
some manner had gained access to the larvae, either in the feeding
stage or after Formation of the cocoon, and once there they were
able to develop to maturity.

The smaller species of Tiphiac in India are genevally and often
heavily attacked by rhipiphorid beeties. Twentiy-eight percent of
the cocoons of T. pullirore collected in the field were parasitized
by Macrosaigon pusillim Gerst, This hyperparasite killed the ma-
ture Tiphia lavvace in the cocoen and emerged slightly earlier than
the normal time for its host. The life history of this group of
beetles in the role of parasites of ?Tiphic has not been studied and
there is considerable doubt as to the exael manner in which the
primary larvae gain access to the host.

Four species of Bombyliidae, the well-known bee flies, were
found parasitizing cocoons of Tiphia. The most important, Velocla
oenomanus (Rond.), occurrved in the field in India in large num-
bers and parvasitized 53 (o 60 pereent of the cocoons of a large red-
legged Tiphia thal was not definitely identified. 1t also attacked
cocoons of Scoli sp. and Campsoemeris sp, The adult flies appear in
the feld immediately after the period when the adult hosts are
on the wing, and presumably deposit eggs on the surface of the
ground. The young larvae find their way into the coccons and
develop as external parvasites of the Tiphic larvae. A Tew Tiphia
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cocoons were parasitized by Exoprosope siphe Cole, Aphoebantus
cleusent Ald., and 4. serratus Ald.

An occasional cocoon of Tiphia collected in the field in India was
parasitized by a nematode, Komermis fenuissima Cobb. The nemas
emerged from the cocoons eariy in July, shortly after the formation
of the cocoon by 7. matwra and immediately preceding the normal
emergence fime of 7. pullivera.

A large shipment of pupavia of Hypcrecteina aldrichi from
Japan in 1921 was infested by several species of chalcid hyper-
parasites. The most Important one was Spalengia sp. About 10
percent of the puparia were parasitized.

Shipping Parasites and Predators to United States

The parasites that appeared most promising for control of the
beetle in the United States were collected in theiv native habilats
in the Far Iast, or reared there, and shipped to the Japanese Beetle
Laboratory. Lattle inforrmation was available on the handling of
the different species. Methods had to be developed for rearing them
and containers had to be devised for shipping them. The dipterous
parasites with a long pupal period were shipped in the pupal stage,
but those with a short pupal period were forwarded as larvae
within their living host. The hymenopterous parasites were shipped
in the cocoon and adult stages. The coleopterous predator was sent
in the adult stage,

One of the important probiems in the 1920’s and 1930's was the
long journey from the Orient to the eastern seaboard of the United
States. In the present “Jet Age™ a trip from the east coast to Cali-
fornia can be completed in 5 hours, one to Japan in 2. hours, and
one to Hong Kong in 27 hours, but at that time consignments from
Japan went by ship to the west coast and then across the continent
by train; they were usually en route for 18 days. Shipments from
China were usually en route for 22 days. The ocean voyage from
Incha or Australia Lo the eastern seaboard required 50 to 60 days.
Even when the mortality of the insects was low on arrival, the
long trip was unfavorable and tended to reduce their vitality.
(Iang et al, 79273

Hunxia incongrua. —Large numbers of adults of P. juponica
were collected in the field in Japan where Hemaria incongrue was
abundant and lorwarded without delay to the Japanese Beetle
Laboratory. Usually less than 5 percent of the beetles were para-
sitized. In 1923 the cases containing the beetles were sent by cool
storage from Yokohama by ship and on arvival in Seattle were
packed in iced containers [or the journey across the continent by
train. All the beetles and the parasites were dead on arrival. In
1924 only part of the shipment was iced at Seattle. Again no flies
emerged from the puparvia subjected to the low temperature,
whereas the noniced shipment arvived in good condition. The sub-
sequent shipments were not iced at Scattle.  (Clausen et al. 1927,
1933 Gardner and Parker 1940 King and Hallock 79.25)

HHyperecteing aldrichi.—Large numbers of adults of P. japonica
bearing eggs of Hyperecteing aldrichi weve collected in the field by




20 PECHNICAL BULLETIN 1383, U5, DEPT. OF AGRICULTURE

natives in Japan and were held in boxes with foliage of grape or
Polygonum for 6 days. The beetles that were alive at the end of
that period were destroyed. A beetle alive at that time was evidence
that the eggs had not hatched or the parasitic larva had died. Great
care was taken to eliminate the dead unparasitized beetles in order
to reduce decomposition during transit. The dead beetles containing
the puparia of the parasites were packed in moist sphagnum moss
for shipment. The mortality en route was usually very low. {Clau-
sen et al. 1927, 1933; Gardner and Parker 1040)

Palpostoma spp.—The adults of Anoplognathus oliviesd, one of
the favored hosts of Pulpostoma spp. in Australia, were collected
in the field and held in cages until they were dead. The dead beetles
were placed in moist sand and examined 5 or 8 days later. The
puparia of the parasite were removed and packed in moist sphagnum
moss for shipment. Fifty percent of the parvasites were dead on
arrival at the Japanese Beetle Laboratory. No flies emerged during
the following 3 months from the remaining puparia. (Burrell
unpublished; Gardner unpublished)

Trophops elauseni.—A few puparia of Trophops clauseni were
shipped from Japan in 1932, Most of the pupae were dead on ar-
rival at their destination and no flies emerged. {Gardner and
Parker 1940)

Adapsilia fluviseta.—Large numbers of adults of Popillia cupri-
collis, the favoved host of Adapsilic flarisete in India, were col-
lected in areas where 1 to 2 percent of the beotle population was
parasitized. The beetles were placed in heavy cardboard boxes with
sliced apples as food. Twelve days later the dead beetles were exam-
ined and those not parasitized were discarded. The puparia in the
bodies of the dead beetles were packed in moist sphagnum moss for
shipment. The first consignment in 1926 was a total loss. 1t was
en route more than 3 months. The later shipments arrived at the
Japanese Beetle Laboratory in 50 to 60 days. About 70 percent of
the pupae in these shipments were alive on arvival. (Clausen et al.
1933, Gardner and Parker 1940)

Dexilla ventralis.—No shipments of Dexitle ventralis to the
United States were made prior to 1925 because P. japonicu does
not oceur in Kovea, and it was considered to be too risky to ship
the parasitic larvae in the living grubs of other species of Popillia.
The grubs of P. japonica could not be sent to Korea for parasitiza-
tion, but in 1925 female parasites were shipped o Japan to para-
sitize the grubs there. Female parasites were caged over soil con-
taining grubs, and the grubs were incculated by placing planidia
dissected from gravid female parasites upon them. That year only
850 parasitized grubs were obiained for shipment to the United
States because most of the grubs were too far advanced in develop-
ment for satisfactory parasitization,

The parvasitized living grubs were packed in moist fumigated
soil in tin-lined boxes, 1 foot square and 6 inches deep, which were
divided into 500 compartments, each about 1 cubic inch in volume,
with one grub in each compartment. The living grubs must be
shipped in soil because they have cannibalistic tendencies and the
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individuals must be isolated. The duration of the life cycle of the
parasite is such that most of the flies were in the pupal stage en
route and were ready to emerge on ariival at thewr destination.
However, the emergence from that first shipment was only 3
percent,

In 1926 and 1927 arrangements were made to ship the parasitic
larvae to the United States in the bodies of living grubs of the
Popitlic species that were native to Korea. Special precautions
were taken in packing and in handling at destination to prevent
the escape of any grubs. The first consignment in 1926 consiste
of grubs containing second-generation ). venfralis larvae. On ar-
rival most of the parasites had left their host and were in the
larval and pupal stages. About 36 percent of this shipment arrived
in good condition. The second consignment in 1926 contained third-
generation parasitic larvae. Only 3 percent of this shipment ar-
vived in good condition. However, all the subsequent shipments
arrived with 30 percent or more of the parasites in good condi-
tion. In spite of the precautions taken, it was considered to be foo
risky to continue to ship living grubs of other species of Popillia
to the United States, and at the close of the 1927 season the practice
was discontinued.

During 1929-31, ficld-collected fernales of D. ventralis were
again_shipped from Korea to Japan to parasitize grubs of P.
japonice there, About 30 percent of the parasites shipped during
these years arrived in good condition. {(Burrell 1931; Clausen
et al. 1927, 1983; Garduner and Parker 1940; King et al. 1927)

Prosena siberita.—Grubs of P. japonica were parasitized in
large numbers with first-stage larvae taken from the ovisaes of
gravid Prosena siberite females. A consignment of inoculated
grubs from Japan was received at the Japanese Beetle Laboratory
in April and another in October 1922, Ounly a few flies emerged
from those shipments. During the following 5 years naturally
parasitized grubs were collccted in the field in Japan. A consign-
ment of field-collected grubs, 10 percent of which were parasitized,
was received in mid-July 1923. Flies emerged from 24 pevcent of
the parasitized grubs. Another consignment of grubs, 13 percent
of which were parasitized, was received in June 1924. Over 80
percent of these parasitized grubs produced flies. After 1927 the
grubs were parasitized in the laboratory in Japan. In subsequent
shipments a high percentage of the parasites arrived in good con-
dition. (Clausen et al, 1927, 1938; Gardner and Parker 1940,
King and Hallock 1925)

Campsonieris annulata.—Grubs of P. japonica were parasitized
by conr{ning females of Campsomeris annulate over soil containing
grubs. The parasitized grubs were placed in individual clay cells
with a small amount of moist sphagnum moss as soon as the eggs of
the parasite hatched. The cells were packed in moist sphagnum moss
and shipped immediately from Japan to the United States. In 1923
all the parasites were dead on arvival because of excessive loss of
moisture in transit. This situation was corrected in subsequent
shipments, and about 75 percent of the immature parasites in these
shipments were alive on arrival.
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Adults of C. annulata were also collected in the field in Japan,
Korea, and China and shipped in special containers with food,
water, and scil. In the earlier shipments an aqueous solution of
honey or sugar was provided as food. In the later shipments a
semisolid mixture of agar and honey or sugar sirup was used and
finally a mixture of sugar and honey, About 14 percent of these
Seoliidae adulis arrvived in good condition. (Clausen el al. 1833;
Gardner and Parker 1940; King and Hallock 1925}

Tiphiidae.—Different species of 7iphic were shipped to the
United States in the cocoon and adult stages. Cocoons of the dif-
ferent specics were obtained by confining the female wasps over
soil containing grubs. Grubs of P. juponice were used in Japan and
grubs of other species of Popillie in China, Korea, and India. After
parasitization the grubs were placed in individual cells with soil in
cross-section trays, A mixture of soil and sod was used in the
trays in Japan and Korea and a mixture of soil and sphagnum
moss in India. There was coasiderable variation in the proportion
of parasitic larvae that pupated, depending on the temperature,
condifion of the soil, and other factors. The cocoons were packed
in moist sphagnum moss for shipment. These shipments were not
satisfactory in that usually less than 10 percent of the parasites
completed their development and emoerged as adnlis.

[t was more satisfactory to ship the adults of those species that
had a longevity of 30 days or more. The female wasps were col-
lected in fields where abundant and shipped immediately in spe-
cinl containers with food, water, and soil. They were released
immediately on arrival. During 1926-30 about 70 percent of the
Tiphia adults arrived in good condition and during 1930-33 more
than 80 percent. (Allen and Jaynes 1928, Balock 7244, Clausen
et al. 1827, 1933; King et al. 19.27)

Lraspedonotus tibialis.—Adults of Craspedonotus tibielis were
collected in the feld and individual bheetles were placed in small
wooden boxes containing a little damp sphagnum moss, The ship-
ments were made in cool storage [rom Japan to the United States
and then at ordinary temperatures across the continent. About 50
percent of the beetles were alive on arvival,  (Clausen et al, 1927)

Nunther of Parasites and Predators Shipped to United States.
—Allen and Jaynes (1928), Clausen ot al. (193.2), Gardner and
Parker (7240}, and Hadley (unpublished) tabulated the number
of parasites and predators shipped from Japan, Korea, China, For-
mosa, [ndia, Hawali, and Ausiralia to the United States. During
1919-36 a total of 1,771,340 parasites and predators weve shipped,
including 1,185,963 Tachinidae, 483,593 Tiphiidae, 62,872 Scol-
iidae, 21,162 Pyrgotidae, 16,450 Carabidae, and 900 Ithonidae. A
total of 1,610,817 of these inscets were shipped for control of
P. japonica, 154,258 for control of Maludera castanea, and 6,235
for control of Anomeale orienialis. Information on each species
shipped is given in table 2,
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Tasve 2.—Shkipments of foreign parasites and predators to {niled Stales to
control Japanese beede and other foreign Searabacidace species, 1819-36

Spevies Buuree Yewrs shipped| Number shipped
TACHINIDAK
Deritle ventralis. ... oo ... .1 Koren. ... . 1%23-31 0,324
Eutrirvopsis javenoo .. ... .__.] Jupanoc oo 42237 285
Hamoezia ineongrwa, .o ... ... Y : U S 1r2g-28 HO0, 1))
Hyperecteing aldrichio___ .. ._ 1. . do____. . - 120-33 4637, 158
Palpostome spp_ . Lo ] Australin, ... ... ] 1942 3,056
Prosenc siberita_ oL ... ... Japan, ..o L] 2131 142, 5t
Tropheps cluwsens . oo ot oo ... _] 140322 247
ot e 1, 183,463
TIFUIIDAK
Pighfaagilis 'L .o o) Koreno oo o oo 1925-26 197
Tiphie asericae Voo oo ... __] S ¢ 17 VAR b)EE=2y 74,46a
Tiphta bivarinata 2 oo o duoal ool 102526 5,720
Viphia biseeulate . oo oL 3 dapane oLy 1{12a-g2 24,876
Tophiv brewitineata ... .. .. ) Woren_________.__] P25-215 91
Piphia burrelli ... oo L .. ] Jupanoeo ... 1932 6l
Tiphia castanederora ' _ ... ... ] ceeeduoo ] 1U33-3 I, 126

Tiphiu comtmunis, ... ..
Tiphia frater V. ... __..
Piphia homoncwlaris 'L L. ]
Tiphie iyolata 'o_. ...
Tiphin korewna
Tiphic matury
Tiphiu nolopoiite .. ... .. ...
Tiphia notopolite alleni
Tiphia ovidorsalis

Tiphia phyilaphugue
Tiphia popillicvora
Tiphia pultivora. .

Tiphia sutol ' |

Tiphie sternatat .. . ]
Tiphta tegitiploge. . . ... ]
Tiphoa lotopupelaia 4. . . ___
Tiphia vernatis . . R
Tipht sp, (Tiwan 5) ...,
Tiphia s, (Tadwan 232 ]

J China

1 China, Korew, Japan.

J Karea..

Japan, Koren. oL .
Roresooo_ L. L ...
Chiney, Kores. oo

Indio oo oo

SCOLIIDAR

(‘ampsanteris annnfola . .
Neolre muanilae

Japmoooo ool TU3I-d6
oedoa oL L. 32

Woreaoo ... . L2520

J Chinay, Worea . oo L -, L2t =33
IFormosn. o oo 1429
eeeedoL o] 120

1125-322
L2526
1425
141200- 36
142528
143133

China, Korea, Japan.
Fawuli

TH25-26

LI -23

1,587
L, At
264
79

1)

03,815
P32
67,300
1,180
476
1,072
379

39

483,503

37824
25, LIS

62,4972

' Bhipped for control of Maludere caséanea { Arrow).

2 Shipped for contrel of A nomala

orientalts Walerhouse.
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PanLe 2—Shipmenis of foreign parasites and predators to Uniled Slates lo
condrol Japanese beetle and olher foreign Scarabaeidae speeies, 1819-56

—('ontinued
Fasvies Suuree Yeurs shipped] Number shipped

PYRGOTIDAR
Addapsitio favivele oo ___ Indin. o oo -] 192629 21,462

CARABDIDAE
Cruspedonotuy (ibialis oo .. Japn o ] 1920~-21 16,4450

IIHONLDAR
THONE JRSCUn - o oo Australin. oo P62 900
Cirpnd tobil o oo oo e e e 1,771,340

Rearing Imported Parasites in United States
s I

All the Tachinidae, Pyrgotidae, and some of the Scoliidae and
Tiphiidae were shipped from the Far East in their immature stages
and had to be held at the Japanese Beetle Laboratory until the
adults emerged and conditions were suitable for their iiberation in
the field. The success of the undertaking depended to a large extent
on being able {o rear these parasitic insects to matuvity.

Entrixopsis javana. —This tachinid had attacked some of the
beetles bearing eggs of Hypereeteina in Japan and was unwittingly
shipped to the United States. Two hundred and ten Eutrivopsis
Jjuvane pavasites emerged along with the Hyperceeteine parasites
and were segregated for liberation in the field. (King and Hallock
1925)

Hamaxia incongrua.—When the consignments of Hamaxie in-
congrua reached the Japanese Beetle Laboratory, the dead beetles
were removed from the shipping boxes and placed in large battery
jars where they were covered with 2 inches of sterile moist saw-
dust. The flies were collected as they emerged and transferred to a
large cloth-walled cage for mating before being released in the
field. (King and Hallock 1225)

Hyperecteina uldrichi.—The puparia of Hyperecteing aldrichi
had to be held over winter for emergence the following June. In a
preliminary study of methods of hibernating the puparia, King and
Hallock (1925) put 83 percent of the boxes of the October 1923
shipment in a chamber held at 35° to 45° F. and the remainde> in
cages out of doors, where they were covered with 1 inch of soil
and 2 inches of leaves. The following June, 67 percent of the flies
emerging from puparvia had wintered under natural conditions.
Thereafter, the temperature in the chamber was modified accord-
ing to the monthly mean temperature of the soil in the field at a
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depth of 3 inches. The temperature was gradually increased at
15-day intervals from 35° in January and February to 76° the
last half of July, and then it was gradually decreased to the low
temperature in January. With the hibernating tempevatures con-
trolled in this manncr, 50 to 70 percent of the imported pupae com-
pleted their development and emerged.

After importation of H. aldrichi ceased in 1933, parasitized
beetles were collected in areas where the parasite had become
established in order to rear flies for further colonization. The
parasitized beetles were placed with foliage of sassafras in wooden
boxes, the bottom and top of which were covered with a fine mesh
screen. The sassafras provided food foi the beetles untii they were
killed by the parasite. Three weeks later the puparia were removed
and packed in boxes with sand and sphagnum moss for hiberna-
tion in the controlled temperature chamber. The following June
the boxes containing the puparia were transferred to a large cloth-
walled cage out of doors and the flies were collected as they
emerged. Several thousand H. aldrichi parasites were reared in
this manner. (Balock unpublished; King, Parker, and Willard
unpublished ; King and Willard unpublished ; Parker unpublished:
Parker and Willard unpublished)

Aduapsilia flaviseta—The puparia of Adapsilic flaviseta were
removed from the shipping boxes and packed in hoxes with moist
sand and sphagnum moss in the same manner as H. aldrichi. The
boxes were held in the controlled temperature chamber until June
and then transferred to a large cloth-walled cage for emergence of
the flies. (King unpublished)

Dexillu ventralis.—The larvae and puparia of Dexille ventralis
received from the Far East were transferred from the shipping
containers to boxes and packed in moist sand and sphagnum moss,
The boxes were placed in a large cloth-walled cage for emergence
of the flies. Usually about 85 percent of the parasites emerged.
(Burvell 21951)

D. veniralls was not imported after 1931, but in subseguent
years several thousand flics weve reared in the laboratory for dis-
tribution in the field. In the initial propagation experiments Bur-
rell (1921} used field-collected female parasites, but later he used
reared females. The parasites were confined over soil containing
grubs. The pavasitized grubs were transferred to cross-section
trays containing soil in which wheat had been sown and were held
there until the flies emerged. He induced mating by confining 70
to 100 flies in a large cage, the top of which was covered with white
muslin and the sides with black mosquito netting. The second
generation of D. ventralis was numerically six times that of the
original stock, but few of the third generation reached maturity.

Parker (unpublished) was more successful in propagating the
flies. In his experiments seven first-brood females eollected in the
field parasitized 227 grubs; 59 male and 66 female parasites
emerged from those grubs. After mating in the large cage, 58
females parasitized 1,649 grubs, from which 536 males and 498
females of the third brood emerged. One hundred mated females
of the third brood parasitized 953 grubs. The grubs parasitized by
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the first and sceond broods of flies were held in cross-section trays
with soil at 75 F., but those parasitizea by the third brood were
placed in a chamber where the temperature over the winter was
adjusted according to the temperature of the soil in the field. A
total of 71 males and 72 females emerged from the 415 grubs that
survived the long perioed in storage. Although it was possible to
maintain a stock of D, weniralis throughout the year in the labora-
tory, it was more practical to use field-collected females for para-
sitizing grubs.

Prosena siberita.—The grubs pavasitized by Prosena siberita,
which were received from the Far Bast, were handled in the same
mannet as those parasitized by Deuxilie ventralis, {(King unpub-
lished)

Tiphiidae.—The emergence of Tiphic from cocoons in the earlier
shipments from the Far East was so low that sufhicient aduits for
colonization were not obtained. The coecoons were removed from
the sphagnum moss in the shipping boxes and repacked in layers
with moist soil, making a celi-like depression in the soil for each
cocoon, The emergence of 7. popithavora, T. pultivora, and T.
vernalis was less than 10 percent: 1.4 to 20 percent of 7. biseculate
and 7' totopunetala emerped, and 36 to 566 percent of 7. asericuc
and 7. bicarinate. The situation was not improved by substituting
for the hoxes shallow trays in which the cocoons were embedded in
cels of moist sphagnum moss or by placing the cocoons in indi-
vidual cells in plaster of paris blocks or in vials with plaster of
paris bottoms. The mortality of the most desirable species was
always high when the cocoons were torn from their original cells
and placed in artificially made cells of seil or moss or were sub-
Jected to long exposure on the surface of a moist earthy substratum.
(Allen and Burrell 1944)

In natuve the cocoon stage of Tinhic is always passed in a small
subterranear cell where the temperature fluctuates slowly and the
relative humidity is continuously high. Allen and Burrell (1934)
dupticated the natural environmental conditions in large chambers.
The temperature in one chamber was varied as the monthiy mean
temperature of the soil changed at the normal depth of the eccoons
in their natural habitat, [t was gradually increased at 15-day
intervals from 35° F. in January and February to 76° in the last
half of July and then gradually decreased to the low temperature
in January. Another chamber was kept 5° higher to expedite the
emergence of those species that tend to be unduly retarded at nor-
mal temperatures. The relative humidity was maintained at ap-
proximately 90 percent by flooding the fioors of the chambers with
water. Later Burvell {7240} devised a humidifier in which the air
was blown over wet screens, The coccons were placed in 2-dram
homeopathic vials, which were closed with stoppers of fine copper-
wire screen and so arvanged in trays as to male frogquent inspec-
tion convenient. This arrangement of the vials in trays was an
adaptation of a similar arrangement used in breeding parasites
at the European Corn Borer Laboratory, then at Arlington, Mass.

Under these conditions in 1928, emergence was increased 28
percent for T. popillinvora. 87 percent for T. pullivora, 21 percent
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for T. wernalis, and 61 percent for T. biseculate. The emergence
was also better synchronized with the optimum periods for releas-
ing the adult parasites in the field. Since that time this method has
been used almost exclusively for rearing Tiphie. King (1937) has
discussed further the methods for rearing the Tiphiidae and
Sceliidae species.

Colonization of Foreign Parasites and Predators in
United States

The establishment of a foreign parasile or predator in a new
environment in the United States is a slow tedious process extend-
ing over several years. Some species were not able to adapt them-
selves to their new environment. Every effort was made to liberate
a species in an area favorable for its welfare, There must be an
adequate supply of food for the adults and an adequate population
of P. japonica. The site selected for liberation should be one where
these requirements may be satisfieq for several years. Tsually suit-
able sites were found on golf courses and in parks, cemeteries,
estates, permanent pastuves, and occasionally in housing develop-
ments. The practice of selecting such sites for liberation of the
parasites and predators does not imply that they were extremely
selective in their requirements. It was an attempt to provide them
with every advantage to facilitate their establishment.

Species Not Known To Be Established

Although a diligent search was made at the sites where several
species of foreign parasites and predators had been liberated a
year previcusly, none of them were found at these sites or in the
general vicinity., After several surveys had been made in subse-
guent years with negative results, it was concluded that these
insects had failed to become established in their new environment.

About 400 adults of Adapsilia flaviseta were released in 1927
near Moorestown, N.J. This species was never recovered in the
field. (Hadiey unpublished ; King unpublished)

About 190 adults of Eutrizopsis jevana were veleased near Riv-
erton, N.J., in 1923, Collections of adult beetles at this site in
subsequent yeats did not have a single beetle parasitized by E.
Jjevana. (Allen and Jaynes 1528)

About 4,000 adults and puparia of Hamaxia incongrua were re-
leased at two sites near Riverton during 1924-28. In subsequent
years about 48,000 beetles were collected at these sites, but none
of them were parasitized by H. incongrue. (Allen and Jaynes
1928; King et al. 1927)

Over 4,000 adults of Campsomeris annulata were released near
Riverton during 1923-26. This scoliid failed to become established.
(Allen and Jaynes 1928; Hadley unpublished; King unpublished)

Another seollid, Scotic manilae, was also released near Riverton,
a few in 1819 and almost 11,000 in 1922 and 1923. The parasite
was seen in the field during the summers it was released, but
apparently it was not able to survive the winter. {Allen and
Jay es 1928; King unpublished)
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Several species of Tiphin—>biseculete from Japan, communis
from China, matwre from India, notopolita from China, phyliopha-
gae from Korea and China, pullivers from india, and fegitiplage
from Japan—were released at one or more sites during 1926-33,
but even though in some cases more than 11,000 adults were lib-
erated, none of them became established. (Hadley unpublished ;
King unpublished)

Craspedonotus tibialis, a predaceous carabid from Japan, was
released in 1921 in a large field plot that was covered with a cage
in order to cbserve the insect in its new habitat. About 7,000 were
liberated. The bectles formed burrows, they deposited eggs, and
larvae developed normally during the summer, but they did not
survive the winter. (King unpublished)

Species Known To Have Been Estublished

About 700 adults of Hyperecteing aidrichi were first released in
1922 near Moorestown, N.J. No parasitized beetles were found that
summeyr, but in 1923, shortly after liberating an additional 6,400
fiies at that site, many parasitized beetles were found in the field.
Surveys in subsequent years showed that this colony had spread
over 12 sgnare miles by 1924, 48 square miles by 1925, and 60
square miles by 1926. During the following 26 years colonies of
H. aldrichi were each released at 51 additional sites in 12 States
and the District of Columbia. This colonization is summarized in
table 3. Surveys of 22 sites, or colonies, 2 years of age oy older in
1937 showed that H. aldrichi was active at 59 percent of them.
A 1950 survey showed that the parasite was present at 43 percent
of the sites. (Allen and Jaynes 1928, Hadley 1258; King 71951,
1987, 1939; King and Hallock 1925; King et al. 1827, 1951 ; Parker
and Willard unpublished ; Smith 1028, 1830)

TanLe 3.—Liberativn and recovery of colenies ¢ Hyperceteina aldrichi 2
years of age or older in Uniled States, 1822-50
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About 1,528 adults of Dexilla ventrulis were first released in
1926 at Haddonfield, N.J., and more in subsequent years. The most
encouraging developmen{ in 1927 was to find the progeny of the
flies liberated in 1926, showing that the parasite had passed the
winter successfully. By 1949 D. venirulis had been released at four
sites in New Jersey, five in Pennsylvania, four in lllinois, two in
Maryland, one in New York, and one in Connecticut. All these sites
were scouted diligently in the years following the release of the
flies, but the parasite was recovered only at Haddonfield. (Allen
and Jaynes 1928, King 1931, 1937a, 1939, King et al. 1927, 1951)

Several hundred adults of Prosenu siberita were released at
Moorestown in 1923, Additional flies were liberated there in 1924,
1926, and 1927 to strengthen the colony and to enhance its chances
for survival. Two puparia and a fertilized female of P. siberita
were recgvered at that site during the summer of 1927. Subsequent
surveys indicated that the colony, though small, was in the first
stages of establishment. The parasite was released at four addi-
tional sites in southern New Jersey and southeastern Pennsylvania
during 1925-30. No other liberations of P. siberita were made. The
Moorestown site was the only place where the parasite has been
vecovered. The colony remained weak for several years and then
disappeared. No recoveries of the parasite have been made there
for several years prior to 1950. (Allen and Jaynes 1928; King
1931, 1989, King et al. 1927, 1951 ; Smith and Hadley 1926)

The Japanese strain of Tiphia popilliurore was liberated first in
1921 and 1922 at Cinnaminson, N.J. The exact number released
was not recorded, but most likely it was less than 50 individuals
of both sexes. In 1926 many 7. popilliavore parasites were observed
on the flowers of wild carvot (Dancus carota L.} and parasitized
grubs were found at that site. During August 1927 the adults of
both sexes occurred in surprising numbers and the colony had
spread over 1 square mile. The second liberation was in a pasture
about a mile from the first site. Two mated females, which had
deposited some eggs in captivity, were released there in 1921 and
six females in 1923, Two males were found at this site in 1927. The
third liberation was at a pond, 2 miles from the first site and 1 mile
from the second site, where 45 mated females were liberated in
1922 and 9 more the following ycar. By 1927 this colony had spread
over an area of approximately one-half square mile. The three
colonies merged in 1929 and together covered 315 square miles.

Nine hundred females of 7. popilliavora were collected there in
1927 and were releasced in lots of 100 each at six other sites in
New Jersey and at three sites in Pennsylvania where the ground
was well drained, the grub population was at least 1 per square
foot, and wild carrot was abundant. This was the beginning of the
colonization program with the Japanese strain. By 1950 this para-
site had been released at 716 sites in cight States.

The colonization program is summarized in table 4. A survey of
378 sites, or colonies, in 1937 showed that the parasite was estab-
lished at 51 percent of the sites. Another survey of 523 colonies
in 1950 showed that the parasite was at 47 percent of the sifes.
{Allen and Jaynes 71928; Hadley 1938, King 1951, 1937, 1939;
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King and Hallock 7925; King and Holloway 19240, 1530a; King
et al. 1927, 1951; Smith 1928, 1930; Smith and Hadley 1926)

In 1927, 45 mated females of the Korean strain of Tiphia
popillicvora were released at Moorestown. Since then this strain
has been liberated at 30 additional sites in eight States. The last
liberation was in 1948, The colonization is summarized in table 5.
A survey of 39 of the colonies in 1950 showed that this strain was
established at 36 percent of the sites. (Allen and Jaynes 1928;
King 1987a, 1939; King et al. 1951)

In 1927, 232 mated females of the Chinese strain of Tiphia
popiltiavere were released at Woodbury, N.J. During the next 2
years, 4,130 mated females were released at 22 sites in New Jersey
and southeastern Pennsylvania, A few adults were recovered at
one site in 1929 and again in 1930, but this parasite failed to be-
come established in ifs new environment. (Allen and Jaynes
1928; King 1939)

Tanve L —Liberation and recovery of Japanese stratn of colonies of Tiphia
popillinvora 2 years of age or older in Uniled Stales, 1921-50
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In 1925, 30 adult females of Tiphia vernalis were released near
Moorestown. To strengthen the colony 4,300 parasitized grubs
were placed in the sod in 1926, This first attempt was a failure,
probably because the site was too wet for the normal development
of the parasite. In 1927, 16,600 parnsitized grubs and 4,107 mated
females were released at three well-drained sites where grubs were
abundant—>erchantville, N.J., Berlin, N.J., and Philmont, Pa. By
1932 the parasite was so well established at Philmont that the
female wasps could be collected rveadily for liberation at other sites;
4,600 females were collected there in 1932 and 5,400 in 1933. Two
other sifes in Pennsylvania where females had been released in
1929 had such a marked increase in population that in 1933 female
parasites were also collected at those sites. After 1933 no further
importations of T. vernalis were made from Korea. The established
colonies were adequate to supply mated females for the colonization
program. The domestic females were better than the imported
females in that they had not been weakened by a long journey and
they deposited more eggs.

The lavge-scale colonization program was initiated in 1933. One
hundred field-collected females were liberated at each site where
as nearly as possible the following conditions were satisfied: (1)
An abundance of Popiliia grubs, (2) the proximity of plants where
the adult parasites could feed on honeydew, and (3} high and low
ground to assure the confinuance of the grub population in both
wet and dry years. By 1953 over 240,000 females of 7. vernalis
had been liberated at 2,027 sites ir 14 States and the District of
Columbia,

This colonization program is summarized in table 8. Surveys of
351 sites, or colonies, in 1937 and 423 sites in 1950 showed that
the parasite was well established at 64 and 63 percent of them,
respectively. In addition, the cooperating State agencies developed
their own colonization programs and liberated the pavasite at
many additional sites within their borders. (Adams 71944; Allen
and Jaynes 1928, Balock 1934, Cory and Langford 1944, Friend
1940, 1942; Gardner 1934, King 1931, 1937a, 1929; King and
Parker 1950, King ¢t al. 1927, 1951; Parker and Willard unpub-
lished ; Smith and Daniel 7942}

By 1940 7. vernalis had become so abundant in southern New
Jersey that it was a common insect. The public sent many speci-
mens for identification to the Japanese Beetle Laboratory and to
the New Jersey Department of Agriculture. As opportunity af-
forded, general surveys were made in other areas to obtain infor-
mation on the dispersal of the parasite. It was found at many
places several miles away from where it had been liberated. It was
generaily distributed in 1950 and 1951 in Pennsylvania throughout
Bucks, Montgomery, Chester, Delaware, Northampton, Lehigh,
Berks, Lancaster, Lebanon, and York Counties. It was generally
distributed in 1952 in New York throughout Rockland, Westches-
ter, and Putnum Counties, but move localized in its distribution in
Nassau and Suffolk Counties on Long Island. It was found through-
out Fairfield and New Haven Counlies in Connecticut. It was
generally distributed in 1953 in Delaware throughout Kent and
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TarLk 6.—Liberalion and recovery of colonzes of Tiphia vernalis 2 years of
age or older tn Uniled Stales, [926-33
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New Castle Counties and in Maryland throughout Baliimore,
Caroline, Cecil, Harford, and Queen Annes Counties. The distribu-
tion was less general in Somerset, Wicomico, and Worcester Coun-
ties of Maryland on the Eastern Shore.

This survey program was disrupted in 1953, when all the re-
gearch on parasites and predators of the beetle was discontinued.
Although the project has not been reactivated, another survey was
made in Virginia in 1958. T. veirnalis was generally distributed
throughout the northwestern part of Loudoun and over most of
Fairfax Counties. 1t was present in the remainder of these coun-
ties and in Clarke, Warren, Fauquier, and Prince William Counties,
but it was not found in Frederick, Shenandoah, Rockingham,
Augusta, Albermarle, Henrico, Page, or Rappahannock Counties.
(King et al. 125f; Parker unpubiished; Parker and Willard un-
published)

Since Hyperecteine aldrichi, Tiphia poptlliavora, and T. vernalis
could adapt themselves to their new environment on the At-
lantic seaboard, plans were made to colonize these parasites more
extensively in the area infested by the beetle and to extend the
program as the beetle invaded new areas. In cooperation with State
agencies the Japanese Beetle Laboratory released 2,859 colonies
of these parasites in 14 States and the Distriet of Columbia, but
the colonization program did not keep pace with the expanding
beetle population. After 1940 the program was curtailed pro-
gressively and finally was discontinued in 1958 ; 28 percent, of these
colonies were released during 1921-30, 67 percent during 193140,
and only 10 percent affer 1940,
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Effect of Milky Disease on Tiphia

The milky disease of Popillia grubs, caused by Baciilus popilliae
Dutky and B. lentimorbus Dutky, does not affect larvae of Tiphia
popilliovora and T. weraalis directly. After the parasitic larvae
have spun cocoons in infected grubs, the recently voided meconium
in the posterior end of the cocoons often is laden with spores of
these pathogens, but the lavvae show no evidence of infection. Some
of the larvae fail to complete their development, owing to the death
of the grubs from infection. The greatest loss of parasitized grubs
oceurs when the infection is well advanced at the time of parasitiza-
tion. This is not an important factor with 7. vernalis, which ovi-
posits during May when the soil temperature in southern New
Jersey rarely exceeds 657 F., a temperature not favorable for the
development of these pathogens. However, in August when 7.
popillicvora is ovipusiting and the soil temperature is generally
above 70, the disease is more likely to be well advanced at the
time of parasitization.

No doubt some populations of Tiphie have been reduced some-
what by the cffect of milky disease on the host. In general, how-
ever, Lthese biological control agents are compatible. On the other
hand, adult Tiphia, while searching for grubs in infected svil, may
become contaminated with the spores of these bacteria and thus
serve as a vector in the dispersal of the pathogens. (White 1943)

Effect of Insecticides on Parasites

The treatment of soil with highly toxic insecticides such as DDT,
chlordane, or dieldrin was detrimental to Tiphic developing and
emerging in that soil. However, subsequent generations of Tiphia
were not affected by a chemical treatment at a site, because with
the Japanese beetle grubs destroyed by the chemical the parasite
did not enter the soil for oviposition. Since the areas where insecti-
cides have been applied to soit to control grubs constitute only a
small part of the beetle-infested terrain, the use of insecticides in
this manner probably has little eftect on the population of the
parasite. (King and Parker 1950)

The application of sprays containing DDT, methoxychlor, or
carbaryl to plants where Hyperecteing is parasitizing beetles or
where Hyperecteing and Tiphia ave feeding probably killed the
parasites on the plants. After the spray had dried and the beetles
on the plants had been destroyed, Hyperecteina would not be at-
tracted to the piants, but Tiphic might still come to the plants to
feed on honeydew or blossoms. However, the use of insecticides
to protect piants from attack by the beetle probably has little effect
¢n the population of parasites in an area.

Status of Foreign Parasites in United States

The establishmenti and survival of the five most irmportant para-
sites of the beetle in the United States—Hynerecteing aldrichi,
Decille ventralis, Prosena siberita, Tiphin popillicvere, and T.
vernalis—are dependent to a large extent on having available a
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suitable supply of food for the adult flies and wasps and an ade-
quate population of grubs. The adults of H. aldrichi, D. venéralis,
and 7. vernalis teed on honeydew and nectar, whereas aduits of
T. pepitlicrorg foed at the blossoms of wild carrot (Daucus carota)
and P. siberite adults at various blossoms. H. aldrichi, T'. popillia-
vora, and T. vernalis parasitize only Popiilic jeponice in this
ecountry. 0. ventralis and P. siberita having a variety of hosts in
the Far East might parasitize some other species of Scarabaeidae
here.

{n the 270 sguare miles in southern New Jersey and socuth-
eastern Pennsylvania occupied by the beetle in 1921, the annual
beetle populations increased in magnitude and importance until
by 1829 it was estimated that there weve more than 500 miilion
beetles per square mile. Some Lturf areas had a grub population of
150 per square foot. The density of the annual populations then
declined until by 195 the beetle was found ounly at isalated sites
throughout the arca. [L has persisted at many of these sites, but
usually the populations are relatively small. This cycle of the rise
and decline ol beetle populations has been repeated with modilica-
tions as the beetle invaded new aveas. (Fleming 1963)

Profound changes have occurred in the economics of this area,
particularly since 1943, Pastures, orchavds, and fields of asparvagus,
tomatoces, corn, and other crops on many farms have been replaced
by large housing developments and industrial parks. Many hedge-
rows on farms where wild cavrot grew profusely have been elimi-
nated to make better use of modern agricuitural implements.

Hyperecteina uldrichi—In southern New Jersey and south-
eastern Pennsylvania Hyperccteing aldrichi parasitized only the
first beetles of the season. The peak emergence of the fly was 3 or
more weeks in advance of that of the beetle. About 20 percent of
the parasite population was available to atiack about 30 percent
of the beetle poputation. The parasitization reached 28 percent in
some local areas, but it declined rapidly as the season advanced
and Lhe beetles became more numerous, i spite of this situation
the parasite persisted for many years in this avea.

in attempting to find arcas where the life cycles of the fiy and
beetle were better synchronized, H. wldrichi was rcleased morth-
ward in Connccticut, Massachusetts, Rhode Island, New Hamp-
shire, and New York, southward in Delaware, Maryland, Virginia,
VWest Virginia, and the District of Columbia, and westward in
Ohio. 1t was possible to survey only a few of these sites. The para-
site was recovered 2 or more years after being released in Con-
necticut, Massachusetts, and the District of Columbia, but little
information is available on the status of these colonies. The life
cycles of the fly and the beetle in these areas have nof been studied
L0 determine whether they are better synchronized there. (King
1931, 1847¢; King et al. j951; Parker and Willard unpublished)

Dexilla ventralis.—This parasife has three genervations a year
in southern New Jersey. The first generation is on the wing in
June, the second in midsummer, and the third in the fall. The
beetle may be parasitized in any of its larval stages and ocea-
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sionally in the early pupal stage, but parasitism is infrequent in
other than the thirvd-instar grub. The first brood has available
some third-instar grubs, but mostly prepupae and pupae; the see-
ond brood has mostly first- and second-instar grubs; and the third
brood has third-instar grubs. The scarcity of third-instar Popillia
grubs and the lack of suitable grubs of other species during the
summer have seriously limited the otherwise excellent control
potential of Dexilla ventralis.

This parasite became established in New Jersey only at a site
where the soil was low and moist so that the development of the
grubs was retarded and some third instars were available for the
second brood. [t was liberated in Pennsylvania, Iliinois, Mary-
land, New York, and Connecticut with the expectation that other
species of Scarabaeidae would be available for the second brood
ol flies, but there has been no indication that any of these colonies
became established, An area where grubs of Phyliephage, Ano-
muala, or Serice were abundant to serve as an alternate host for
the second brood had not been located by 1950. (Burrell 1831,
Hadley 1948; King 1951, 1959; King et al. 1951)

Prosena siberita.—The peak emergence of Prosena siberita in
southern New Jersey is about July 20; the peak of larviposition
occurs about 10 days later. At that time the Popiilia population in
the soil is mostly firsi-instar grubs with a few second and third
instars. Although P. sibcirta does not parasitize first-instar grubs
readily, it will accept second instars, but it prefers third instars,
The scareity of suitable grubs and the tendency of the fly to
disperse over a large area tended to retard the development of a
colony. The last liberation of this fly was in 1930. It is possible that
F. stberite would become better established in New Hampshire
and Vermont, where some of the Popiftic grubs require 2 years
to complete their development and third instars are more prevalent
during the summer, but the possibilities of the parasite in this
area werce not explored. (Hadley 1938, King 1941, 1939; King
and Hallock 1525, King et al. £1951)

Tiphia popilliceora.—The Japanese strain of Tiphia popillicvore
1s on the wing in southern New Jersey and southeastern Pennsyl-
vania durving August and the frst week in September, During the
first 10 days ol this period 80 percent of the Fopitlie population in
the soil is made up of first- and second-instar gtubs, but during the
last 10 days 12 percent ave second instars and 53 percent third
instars. The parasite oviposits only on second and third instars,
preferring the larger grubs. The progeny developing on second-
instar grubs was % percent male, whereas those developing on
third instars were 67 percent female. The sex ratio of the progeny
was not changed by transferring parasite eggs from second instars
to third instars, or vice versa, showing that the sex of the progeny
was determined at the time the egg was placed on the grub.

Although much of the potential eifectiveness of the Japanese
strain was dissipated, it is a worthwhile parasite. The continued
effectiveness of this parasite is dependent on having an adequate
grub population available. 1t was abundant at those sites where
there were 10 to 20 grubs per square foot, fairly abundant when
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the grub population was 5 to 10 per square foot, but relatively
scarce when there were less than 5 grubs per square foot. (Brun-
son 1934, 1947, 1938; Hawley 1944; King 1957a; King et al. 1951)

The life cycle of the Korean strain is better synchronized with
that of P. japonice than the Japanese strain, in that the adults ave
on the wing in September when most of the grubs in the soil are
third instars. However, surveys at sites where 1t had been colonized
indicated that it did not hecome esiablished any more readily in
its new environment. The density of parasite populations also was
modified by the abundance of grubs in the soil. (Kwng et al. 1951}

The Chinese strain never became established in scuthern New
Jersey and southeastern Pennsylvania because the temperature
was too low in October when the acults were on the wing. The
optimum temperature for mating, 65- to 75° F., oceurred only
during the first few days of the month. The temperature of the soil
was below 60", the minimum for the development of the larvae
and the formation of cocoons. This strain of the parasite is adapted
to more southerly areas. {Holloway 1931)

Tiphia vernalis.—Tiphia vernclis, the most promising of the
foreign parasites, was colonized the most extensively in the avea
infested by the beetle. The adults are on the wing in May and June
when the Popillic grubs are thivd instars. The female usually para-
sitizes grubs near plants when feeding on honeydew. When only a
few such plants are in an area, the efficiency of the parasite is
decreased. The denser the grub population the higher was the
percentage of parasitization. The females parasitized 57 percent of
a grub population with 6 per square foof, 46 percent with 5 per
square foot, 31 percent with 2 per square foot, and less than 20
percent with 1 per square foot. The continued survival of the para-
site is depenclent on having an adequate grub population in the soil.

[n many parts of the infested area where 7. vernalis was colo-
nized, the beetle population has declined to a low level. In southern
New Jersey and socutheastern Pennsylvania, beetles have been
found since 1960 at only isolated sites. In a survey of 29 sites in
New Jersey and Pennsylvania where the parasite had been very
abundant, it was found in 1963 at only one site. Although the con-
ditions in that area have not been favorable for the parasite, no
doubt it has persisted in small numbers at many sites, even though
the populations wete too small to be found readily. {(Balock 1934;
Gardner 1538; Hadley 1928; King and Parker 1%50; King et al.
1951; Ladd unpublished)

ENTOMOGENQUS DISEASES OF BEETLE

Some diseased grubs were found in the field in New Jersey as
early as 1921 (Smith and Hadley 1926). Many of the grubs dug
from the field in the fall and stored in a cool place in boxes of soil
for expetrimental work during the winter developed symptoms of
infection in 1922 and in subsequent years, Disease became so
rampant among grubs in storage that sometimes 50 percent or
more were lost (Hawley and White 7945). Although the organisms
causing these diseases were not identified specifically, the patho-
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gens were determined in 1922 as mainly bacteria and fungi
{Spencer unpublished}.

A survey in 1933 and 1931 showed that diseased grubs were
present in certain parts of the area then infested by the beetle in
New Jersey, Delaware, and Pennsylvania (Hadley and Hawley
1944). Hawley and White (£4.25) classified the various maladies
according to the gross appearance of the affected grubs into three
groups—biack, white, and fungus. The grubs in the white group
weve filled with a micre-organism in nearly pure culture. This was
the first recognition of the malady later called milky disease.

The early work on the diseases of the beetle, however, was lim-
ited in scope and not conclusive. Intensive study of the pathogens
of the beetle was not undertaken until 1933. Dutky (1963) and
Fleming (1938«, 1963) have summarized some of the later in-
vestigations of entomogenous diseases of the beetle.

Prolozoan and Amebic Diseases

Kowalczyk (1938) found that the adult beetle as well as the
pupa lacked a protozoan fauna, but the hindgut of the grub was
commonly filled with a mass of soil particles among which lived a
variety of micro-organisms, mostly bacteria and protozoa. Most of
the latter appear to have a commensal or symbiotic relationship
te their host, feeding on the bacteria, but some of them are patho-
genic. He found in the hindgut of the grub five flagellate protozoans
—Retortamonus phyllophagee (Travis and Becker), Monocer-
comonas mackinnoni Kow., Monocercomonoides melolonthae
(Grassi), Tetralvichomastiy mackinnoni Kow., and Polymastiz
melolonthee (Grassi), two entomophilic amebas—Endamoeba sp.
and &ndolimax sp., and one sporozoan—A ctinocephalus sp. Stein-
haus (1947) reported that P. melolonthae and related species in-
habit the intestines of Melolontha melolontha (L.), Popillia fapo-
nice, Newman, Anomule orientalis Waterhouse, and other insects.
This group of organisms has not been studied further for control
of the beetle.

In a survey at Cape Charles, Va., in 1939, Dutky and White
{1940) found several grubs of Strigoderma pygmaee (F.) and
Phyllophaga grecillis (Burm.) with a microsporidian infection of
the fat bodies. The microsporidian seemed to be identical in both
species. Attempts to produce infection artificially in grubs of
these species and in grubs of P. juponica at this time were not
successful. In 1951 a few Popillia grubs infected by a miero-
sporidian were found at Warrenton, Va., but since then no cases
of this disease have been found there or elsewhere within the
area infested by the beetle. This microsporidian was classified
tentatively as a species of the genus Plistophera. Of the several
hundred grubs injected with suspensions of this organism, only
two became infected. None of the grubs introduced into soil inocu-
lated with suspensions of the organism became infected. This
microsporidian seems to be of little importance in the control of
the beetle. It was estimated that only 1 grub in 1,000 was infected
naturally at Warrenten (Dutky unpublished).
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Nematode Diseases

Neoaplectana glaseri Steiner

In the spring of 1929 Glaser and Fox (29s0) found Popillic
grubs infected by the nematode Neoaplectuna gluseri at Haddon-
field, N.J. The grubs were flaccid and ocherous brown; they con-
tained many of the nematodes. Later that year infected pupae and
adult beetles were found in that area. Although a search for this
nematode was made in other parts of New Jersey and in Pennsyl-
vania, it was not found at that time in any other area, but several
species of saprophytic nematodes were found in dead grubs at
several places. Steiner (1§29} classified the nematode as a new
parasitic species. 1t is probable that the nematode had some other
insect as its normal host and had adapted itself to the beetle,

Hosts.—Glaser (79.31) and Glaser ef al. (1840) found that N,
gluseri parasitized several species of insects in addition to P.
japenica, including larvae of several species of Phyllophaga, Mala-
derg castanee {Arrow), Macrodactylus subspinosus (F.), Cyclo-
cephale borealis Arrvow, Cotinis nitide (L.}, Xyloryctes satyrus
(F.)}, Cotalpa sp., Graphognethus spp., and Osirinic nubilalis
{Hiibner). Attempls to parasitize armyworms, silkworms, and
house fly larvae were nof successful, indicating a degree of
specificity for the nematode.

Glaser (1931, 1932) found that the nematode was not pathogenic
to plants. The soil and plants of greenhouse-reared tomatoes, cab-
bage, lettuce, corn, and wheat were treated with heavy doses of
N. glaseri, but in no case were the plants affected. Field tests
demonstrated that the nematode did net injure wheat, rye, and
other grasses but probably furthered their growth by destroying
the grubs. Since many nematodes attack plants, it was necessary
to demonstrate that N. glaseri was not phytophagous.

Life Cycle.—The nematode passes through five stages in its life
cycle—a small, slender, transparent first-stage larva; an active,
slender, rather opaque, except the esophageal and caudal regions,
second stage; an ensheathed third-stage Jarva; a preadult; and the
adult male and female nemas. 1f the second-stage larva is in an
environment favorable for further development, such as a living
grub, the third larval stage is suppressed and the nematode com-
pletes its life cycle with three ecdyses, but if the environment is not
suited for further development, such as a cadavar already ex-
hausted of available food, the larva ceases to grow, empties the
alimentary tract, and forms a new cuticle with the third-stage
gorm within. The ensheathed larva is a resistant, truly infectious
orm.

After becoming mature the adult nematodes copulate. The fe-
male must be fertilized by the male to produce offspring. The
females are viviparous. Larvae are born 1 or 2 days after mating.
The female usually produces about 15 young. However, abnormally
large gravid females were occasionally observed in grubs. One of
these produced 1,420 young. Under optimum conditions the life
cycle may be completed within 5 to 7 days.
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Probably most of the larvae live free in the soil during the
winter, though some may be in host insects during that period.
The third-stage larvae parasitize the grubs during the warm peri-
ods of the year. Their activity is limited at 50° F. but becomes
noticeable at 64° F. (Glaser et al, 1940; McCoy et al. 1988)

Mode of Infection.—The infective third-stage nemas enter the
grub through the mouth with soil and food and develop rapidly
into preadults and adults in the alimentary tract of the host. In
most cases the grub dies by the time the first generation of the
second-stage larvae has developed. Further development continues
in the cadaver. At that time the nematode must be considered to be
a saprozoic organism rather than a parasite. N. glasert appears to
be a species in transition from the saprozoic mode of existence
to a parasitic one. As many as three generations may oceur within
one host, two of them appearing after the death of the grub. As
many as 2,400 infective-stage larvae, 486 adult females, 502 adult
males, some preadults, and some first-stage larvae have been re-
moved from a grub. Usually about 1,500 infective-stage larvae are
produced. Adult beetles are readily parasitized when they enter
the soil for oviposition. Beetles also may become infected between
completion of metamorphosis and escape from the pupal cell.
(Glaser 1931, 1982; Glaser et al. 1940)

Natural Dispersion.—The nematode is spread slowly through
the soil by its own movement and by nema-infected grubs. Other
soil-inhabiting organisms probably assist in its dispersion. It may
be carried long distances by parasitized beetles and by other in-
sects, birds, and small mammals, and by the movement of soil by
wind, water, or man. (Girth et al. 1940; Glaser et al. 1940)

Conditions for Extablishment.—Glaser (1932) demonstrated
that N. giaseri can be established in an area where it does not
occur naturally and when so established can cause a high mortality
of the grubs. He applied a water suspension of nematodes to estab-
lished turf by spraying the suspension over the surface and
washing the nemas from the foliage and by introducing the
suspension into shallow holes approximately 4 inches square at
d-foot intervals and replacing the turf. The most consistent results
were obtained with the subsurface application of 25,000 en-
sheathed nematodes per hole.

In additional experiments Glaser and Farrell (1925) and Girth
et al. (1040) obtained 0.3- to 81.5-percent parasitization among
the grubs, depending on the soil moisture, soil temperature, density
of grub population, and nematode dosage. The optimum conditions
for the establishment of the nematode are (1) a soil temperature
of 60° F. or above at a depth of 114 inches, (2) a soil moisture of
20 percent or higher without flooding, (3) turf or other permanent
cover, and (4) a dense grub population. The most critical environ-
mental factor is moisture. Moisture is essential during the dis-
persal of the nematode. A film of moisture is necessary for move-
ment and respiration. Girvth et al. (1940) and Dutky (1959) found
that ensheathed nematodes cannot withstand desiceation.




40 CECHNICAL BULLETIN 1383, U.5. DEPT. OF AGRICULTURE

Girth et al. (1940) reported that N. glaseri had maintained itself
under natural field conditions for 64, years with a grub popula-
tion of less than five per square foot for most of that period. Later
he {unpublished) found it had maintained itself for 14 years under
these conditions. [t survived for 24 years when the grub popula-
tion was maintained by periodie restocking and for 114 years in
the absence of insect hosts.

Culture on Artificial Medie.—During the investigation of the
life cycie of the nematode, Glaser (21921, 1951a) found it could be
cultured under artificial conditions, using a dextrose-veal infusion
agar on which a heavy growth of baker’s yeast was established
before infroducing the nemas. This medinum was used for main-
taining a breeding stock of nemas because of its simplicity, but it
was not well suited for the culture of large numbers of the orga-
nism. A potate culture medium {McCoy and Glaser 1936) was
first developed for the production of the nematode on a large scale,
but this was replaced with a veal pulp medium (MeCoy and Girth
1938} when higher yields were obtained with the latter medium.
The yield on the veal culture ranged from 9,000 to 12,000 nemas
per square centimeter of culture surface. As many as 18 successive
transfers on the medium have been made, with an approximate
fifleenfold increase in numbers at each transfer, but it was custo-
mary to make not more than 10 successive transfers.

In the mass production of the nematodes, one or more asso-
ciated species of organisms were usually present. However, Glaser
{1940} and Stoll (21959) cultured the nematode in an axenic, or
bactevia-free, liquid medium, showing that the presence of associ-
ated bacteria was not essential for the development of the nema.
Stolf {1853} maintained an axenic culture for 7 years, during
which 180 to 195 generations were cultured in vitro. At the end of
that period the culture was still infectious for grubs.

Colonisation.—With the development of methods of propagat-
ing N. gluseri in large quantities on artificial media, the New Jer-
sey Department of Agricuiture in cooperation with the U.S.
Department of Agriculture and the Rockefeller Institute for Medi-
cal Research at Princeton, N.J., undertook in 1940 to establish
colonies of the nematode at 8Y%-mile intervals in New Jersey
(Girth et al. 1940). About 5 million ensheathed infective-stage
nemas were placed in established turf at each site. This program
was completed in 6 years. A similav colonization program was
carried out at 100 sites in Maryland (Cory and Langford 7944,
1955). This is one of the few instances in which nematodes have
been colonized over a large area for the control of an insect pest,

N. glasert is not eifective under so wide a range of conditions
as the bacterial diseases and the parasitic insects, but in a suitable
environment it is a worthwhile parasite of the beetle. No informa-
tion is available on the present status of this nematode in New
Jersey and Maryland.

Neoaplectana chresima Steiner

During 1937-40 Glaser et al. {1942) found another nematode
parasitizing the grubs at 14 localities in New Jersey and at 1 place
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in Maryland. Neoaplectana chresimu, another new parasitic spe-
cies, has a life cycle similar to that of N. glaseri, but the average
number of young produced by viviparous females is 250 to 400
instead of 15. A method for culturing this species on fresh sterile
rabbit kidney was developed. No growth was ordinarily cobtained
when contaminants were presenf. Although this nematode was not
colonized, it has been encountered from time to fime in surveys
throughout the area infested by the beetle.

Neoaplectana alloia Steiner

The soil in a greenhouse at the Japanese Beetle Laboratory be-
came heavily infested with Neoaplectana alloic in 1938. A high
mortality of the grubs introduced into the soil occurred and dis-
rupted the experiments underway with other pathogens. This
nematode was algso found in the field at Rhoadstown, N.J. The
highly infectious soil from the greenhouse was applied to turf at
Plainfield, N.J., but the nematode failed to become estabiished
there. {Dutky and White unpublished}

Other Nematodes

Sick and dead grubs infected by many other parasitic nematodes
were encountered from time to time in field surveys. Although
these nematodes were not identified, they probably belong to the
genus Neoaplectana. Bacteria were often associated with the nema-
todes. Dutky (1947) was the first to demonstrate that nematodes
could be vectors of bacterial pathogens affecting grubs. The blood
of many dead nematode-infected grubs was swarming with a
peculiar oval-shaped bacterium containing spindle-shaped refrac-
tile bodies. Healthy grubs inoculated with this bacterium died
within 2 days. The nematode seemed to serve as a vehicle to intro-
duce the bacterium into the body cavity of the grub.

A nematode found at Arlington, Va., in 1947 had a red pig-
mented bacterium, Serratic sp., associated with it. Dutky (unpub-
lished) found that a pure culture of the hacterium and of the
nematode could be grown in a peptone-dextrose agar medium with
autoclaved cubes of pork kidney. When a suspension of the infec-
tive-stage nemas was tveated with sodium hypochlorite o destroy
superficial contaminants, most of the nematodes survived the
treatment. Five days after inoculating the medium with that enl-
ture, a good growth of the bacterium in nearly pure culture had
developed and the nemas had changed to adulfs and were feeding
on the bacterial growth. When the suspension was treated with
weak formaldehyde, there was no growth of the bacterium and
the nematodes did not develop to the adult stage. Grubs injected
with a suspension of the bacterium died within 24 hours.

When the nematodes weve introduced into soil, the degree of
infection among the grubs varied greatly. At the time of death of
the infected grubs, a few nemas were within their bodies, but the
blood was swarming with the bacterium. Four or five days later
many larvae and mature nemas were in the cadavevs. This nema-
tode was colonized at Buck Hill Faills, Pa., in May 1951, using
2,000 nemas per square foot. Two grubs infected by this nematode
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were found 10 days later, but no other cases of infection developed
during the following year. The indications are that the nematode
failed to become established there.

Fungus Diseases

Metarrhizium anisopliae (Metsch.) Sorok

Metarrhizium anisoplice, the green muscardine, was found at-
tacking grubs in the field in New Jersey in 1921 (Smith and Had-
ley 1926). Smce then, grubs infected by this fungus have been
discovered from time to time throughout the beetleinfested area.
Although M. anisoplice is widely distributed naturally, the inci-
dence of this disease among the grubs is usually very low (Hawley
and \White 1955).

Dutky (1237} grew the fungus on a variety of simple media,
but the best growth and sporulation were obtained on a dextrose-
peptone agar medium and on a dextrose-peptone-potassium phos-
phate liguid medium. The liquid medium was better suited for the
production of large numbers of spores. Widemouthed 300-ml.
Erlenmeyer flasks, filled with approximately 50 grams of excelsior
wetted with 100 ml of the liquid medium and sterilized, yvielded
about 18 billion spores per flask after incubation for 1 month at
86 F. M. anisoplice maintained on the dextrose-peptone agar
medium was still infectious after 6 months but lost its patho-
genicity after being held for a year. In preparing the spores for
inoculation in the field, Dutky {unpublished) harvested the spores,
dried them for 3 hours at 122, mixed them with an equal weight
of tale, and then further diluted the mixture with dry sand to pro-
vide suflicient bulk for application with a fertilizer distributor.

Eggs of the Japanese beetle hatehed normally in soil containing
500,000 spores per gram, but the newly hatched grubs soon be-
came mfected and seldom survived more than 2 days. There was
a definite relationship between the density of the spoves in soil and
the rate of infection among third-instar grubs. The average time
of infection at 86¥ F. was 1. days with 50 spores per gram of soil,
10 days with 500 spores, 7 days with 5,000 spores, 5 days with
50,000 spores, and 2 days with 500,000 spores. Third-instar grubs
dusted with spores all became infected within 2 days at 86°, within
4 days at 72°, and within 7 days at 60°. Only 50 percent of them
became infected within 40 days at 5.1° and none of them developed
infection at 50°. A temperature of 51° seemed to be about the
minimum for the development of the fungus. The infection at 86°
progressed rapidly when the air was saturated with moisture, but
it was retarded at lower humidities. The rate of infection was also
affected by the extent to which soil particles adhered to the body
of the grubs. (Dutky 1937, 1959)

M. anmisoplive was colonized to a limited extent in New J ersey,
New York, and Pennsylvania during 1936-38. In most cases the
spores were applied to established turf with a fertilizer distributor
at the rate of 600 million per square foot. Samples of soil were
taken periodicaily from those plots to determine the status of the
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fungus. The results were not promising. Although some grubs
introduced into the samples of soil became infected, the incidence
of infection was very low. The fungus appeared to be so fastidicus
in 1ts environmental regquirements that artificial dispersion was
impractical, There is no doubt that the sporadic but small and
continuous outbreaks of this disease among the grubs in the field
ave a factor in the biological complex that tends to suppress beetle
populations, even though 3, anisoplice may never be an important
factor. (Dutky and White unpublished)

Metarrhisium glutinosum Pope

Dutky {unpublished) found Mefarrhizium glutinosum to be
pathogenic to the grubs. This fungus seemed to have about the
same limitations as 3. anisoplice.

Isaria densa Auct.

Isaria dense is a pathogen infecting Melolontha spp. in France.
In laboratory tests this fungus killed 10 percent of the thivd-instar
Popillic grubs. 1t was colonized in the field during the fall of 1928,
The following spring 48 percent of the grubs in the plot were in-
fected. However, . densa did not persist under the climatic condi-
tions of southern New Jersey, and further experiments with the
pathogen were abandoned. (Hawiey and White 1945; Smith and
Hadley 1926}

Beauveria globulifera Speg.

Dutky {(unpublished) recovered the white fungus Becwveria
globulifera from a dead peach tree borer {Sannincidee critiosu
{(Say)). A pure cuiture of the fungus was obtained from the
dried-ocut larva on malt extract agar. Inoculations of the borers
by injection or mevely dusting with the spores produced infection
consistently and rapid death. Similar tests with second- and third-
instar Popillin grubs gave variable results. The pathogenicity of
this fungus to the grubs was usually low.

Beawrveria bassiana {Balsanio)} Vuill.

Interest in Deaueeria bussiune as a possible parasite of the
Japanese beetle was stimulated by the pathogenicity of the orga-
nism to the Buropean corn borer {Ostrinie nubilalis {Hitbner))
and to the Colorado potato beetle (Leptinotarsa decemlincatfa
(Say)}. Lefebvre (1821) readily killed iarvae of the corn borer
by inoculating them with the spoves, Bartlet and Lefebvre (79.34)
killed up to 7¢ percent of the borers in cornfields by dusting with
flour containing spores. Bradley (1452), in summarizing the ex-
periments with the fungus against the borer, pointed out that
although the infected bovers had been recovered shovtly after
dissemination of the fungus, the pathogen had failed to become
established as a natural confro! measure,

Rex (7840) reporied that 1. bussiena was infecting larvae of
the Colorado potato beetic in New Brunswick, Canada. Timonim
{1938) definifely cstablished the pathogenicily of the fungus to
these farvae. Schaerffenberg {7957} obfained 91-percent confrol of
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the Colorado potato beetle in Austria within 3 weeks by dusting
the field with the spores, and in Germany B0 percent of the larvae
became infected within 4 days.

B. bassiana grows on the common culture media, but such media
are not well suited for the production of the spores in abundance.
MeCoy and Carver (1941} obtamed lavge guantities of the spores
by culturing on autoclaved moistened wheat bran. The yield was
about 22 grams of spores per pound of bran. After drying, the
spores were separated from the bran by an air-separation pro-
cedure.

In preliminary experimenis Rex (1840) dusted and sprayed
Popitlic grubs with spores and introduced the grubs into soil inocu-
iated with the spores. . bassiena appeared to have little patho-
genicity to the grubs. When adult beetles were dusted with the
spores, a high incidence of infection developad within a few days,
Beetles also became infected by feeding on foliage sprayed with a
dilute suspension of the spores or by coming into contact with
infected beetles. The foliage of plants favored by the beetle in
several heavily infested areas in New Jersey was sprayed with
an aqueous suspension of the spores, Many infected beetles were
found subsequently in the sprayed aveas. However, the fungus
failed to become established as a natural control agent.

Bacterial Milky Disease

Milky disease was discovered in central New Jersey in 1933,
when a few abnormally white grubs were found in the field,
Microscopic examination showed that the blood of the infected
grubs, normally clear, was filled with bacterial spores, which made
it appear milky (Hawley 1852, Hawley and White 1935). This
condition of the blood led to the designation of milky disease for
the malacdy. This disease was prevalent in 1935 at most places
where the beetle had been for several years, but it was not found
in more recently infested areas {Hadley 1948).

Surveys by White and Dutky (1£40) in 1935 and 1936 showed
that 92 percent of the infected grubs in the field were Infected
by the organisms that Hawley and White {1945) had classified as
the white group. They demonstrated that the malady was caused
by two closely related undesecribed species of spore-forming bac-
teria, whieh grow and sporulate in the blood of the living grub,
and they temporarvily designated these bacteria as type A and
type B milky disease bacteria. The type A bacteria were the most
prevalent. The biood of 88 percent of the infected grubs contained
that pathogen. Dutky (1940} described type A and type B bacteria
?_ncl]named them Buacillus popillice and B. lentimorbus, respec-
ively.

Origin.—The origin of the milky disease bacteria is not known.
There is no evidence that the bacteria had been imported from
dapan with the grubs. These bacteria are probably indigenous to
the United States and obligate parasites of the grubs of the
Scarabaeidae. Grubs of P. japonice are their most common host.
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When other species of insects were inoculated by these bacteria,
no infection developed. The milky cisease bacteria did not affect
earthworms, birds, warm-blooded animals, humans, or plants.
(Dutky 1964, Fleming 1961; Hadley 1948, 1948a)

During a seavch for pathogens of white grubs in Australia,
Beard (i956) found two bacteria of the milky disease complex
infecting grubs of Sericesthis pruinosa (Dalman} and Heterony-
chus senclae-helenae {Blanch.). The symptoms produced by these
orgai:isms were similar to those caused by Bacilus popitlice and
B, lentimorbus in grubs of P. japonica. He deseribed and named
these organisms £. lentimorbus variety austratls and B. eulooma-
rahge.

Hurpin (1955) reported milky diseasc among Melolontha melo-
lontha grubs in France. Wille (1956) reported the disease in grubs
of that species in Switzerland and named the organism Bocillus
fribourgensis. Hurpin (1939) and Dutky (1962) considered this
pathogen to be the Melolonlha styain of B, popllliae,

Strains of Bacteric.—There are many strains of Baeillus popii-
lige and L. lentimorbus. A strain developed in grubs of one species
may have a low or a high virulence to grubs of other species.
Phyliophage hivticwa (Knoch) and P. rugose (Melsh.) did not
become infected in soil inoculated with spores of B. popilliae grown
in the blood of Popillic japonica, but they developed infection in
s0il inoculated with these spores from a naturally infected grub of
P, hirticude (Dutky and Dobbing unpublished). The incidence of
infection among sceond-instar grubs of Phyltophege sp. was not
enhanced by the application to the soil of spores of B. popilliae
grown in the blood of Popillia (Schwardt et al, 1844} . Cyelocephala
immaculata (Olivier) did not become infected when injected with
spores of 2. popilliae from a Popilli grub (Dutky and Dobbins
unpublished}, yvet grubs of that species infected by this pathogen
were found in the field (White 19247, Spores of the Cyeclocephala
strain, injected into the blood, infected grubs of Cyelocephala bore-
alis Arrow, . innaculete, and P, Juponica.

The strains of Dacilius popitlice and £, lentimoerbus produced in
the blood of Amphimalion majalis (Razoumowsky) were more
virulent to that grub than to grubs of P. Japeonica {Tashivo 1957).
The strains of . popiilice produced in the blood of Cyclocephala
8p., Phylloplage anria 1eC., P. fusca {(Froel.), and P. hirticula
had a lew pathogenicity to Aniphimalion grubs, but after these
strains had been passed several times through the blood of Amphi-
matlon, theiv virulence to that grub increased (Tashire unpub-
lished). B. popiltice produced in the blood of P, japonice was initially
dqually infectious to that grub and to grubs of A. majalis, but 6
years after being colonized in an area where only Amphimalion
occurred, it lost its potency against Popiilia grubs and inereased
its virulence to Amphimallion grubs (Tashire unpublished). The
regular Popillia strain of 2. lentimorbus had a low virulence to
grubs of A. majalis, but the “Marviand type B” strain grown in
the blood of P. japonica readily infected Amphimalion grubs
(Tashiro and White 1954)
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Bacillus popilliae Dutky

Buacillus popilline, the most common of the milky disease com-
plex within the area infested by the beetle in 1835 (White and
Dutky 1940), has been investigated more extensively than the
others.

Dutky (2940) described this bacterium. The vegetative form is
a nonmotile Gram-nositive rod measuring about 0.9 by 5.2 microns,
The rods become swollen at sporulation, assuming first a spindle
and then & pyriform shape. The spores are cylindrical and measure
about 0.9 by 1.8 microns and are located centrally in the cell. In
the broader pole of the cell is found a refractile body, which is
about half the size of the spore and possesses staining reactions
similar to those of the spore.

Cyrele of Development.—This fastidious organism cannot de-
velop in a dead msect. Dutky (7840) described the cycle of de-
velopment in a living grub. Whether infection is induced artificially
by mjection or acquired naturally, the infection begins with the
appearance of the vegetative cells in the blood. These rods are
found in small numbers about 30 hours after the invasion of the
blood at 86- F. The vods multiply rapidly at this temperature,
reach extremely large numbers, and sporulate. Just what induces
sporulation is not known, but it occurs when the vegetative forms
hecome very numerous. Sporulation continues until all the bacteria
have reached the definitive spore stage. By the end of the sixth
day the spores are sufficiently numerous that the blood becomes
turbid. Seven lo ten days later when the number of spores reaches
the maximum, the bicod is distinctly milky in appearance,

Dutky (1940) estimated that the average number of spores pro-
duced in a grub is about 5 billion, whereas Beard (1945) and Lang-
ford ot al. {i942) estimated about 2 billion. However, the nutri-
tional state of the grub at the time of infection and incubation has
a profound eflect on the number of spores produced. A well-nour-
ished grub will survive longer after infection and produce more
spores than a grub in poor condition.

Temperature Limitation.—The lower limit of temperature at
which A, popillice can develop is about 60° and the upper limit
about 97 F. Dutky (1840) injected Popiflic grubs paventerally
with 2 million spores per grub and held them at vavious tempera-
bures. No infection developed at 60° or at 97°, Macroscopic symp-
toms of infection developed in 14 days at 63°, 11 days at 70°,
3 days at 77 , 6 days at 86°, and 4 days at 93°, No vegetative rods
developed in the blood of grubs held for 29 days at 59°. When
grubs held for 28 days at 18 were transferred to 86°, symptoms
of infection developed after 5 days.

Beard (t845) obtained maximum sporulation by parenteral in-
jection of Fepillic grubs in 30 days at 66 ¥, 18 days at 70°, 11
cays at 76 , and 7 days at 86 . Tashiro and White (7954) injected
100,000 spores into grubs of Amphimalion majelis. In 2 weeks 21
percent were infeeted at 707, 85 percent at 80°, and 75 percent at
907 ; in 3 wecks «Ib pereent were infected at 70°, 85 percent at 80°,
and 97 percent at 90 ; and in 6 weeks § percent were infected at
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80°, T0 percent at 70°, 87 percent at 80“, and 100 percent at
80°. If the maximum temperaturc at which the bacterium can
grow is below the body temperature of warm-blooded animals 2nd
man, B. popilliae can never be pathogenic to them.

The temperature limitation aiso has an important bearing on
the organism’s effectiveness in the field. When the temperature
of the soil is below 7% F., a vapid buildup of the organism is im-
possible. The number of weeks in the growing season when the
temperature of the soil is above 70~ is a factor in the establishment
and buildup of the bacterium. Southward at Cape Charles, Va., a
definite buwildup oceurred within a year (White and Dutky 1940),
but northward in New Yeork (Adams and Wheeler 1846) and in
Connecticut (Garman et al. 12423 3 to 4 years were required.

KResistance 1o Adverse Conditions.—The vegetative stage of the
bacterium is killed by exposure to cold, heat, or sunlight, but the
spores arc very resistant to adverse conditions and may remain
viable in the soil for many years, ready to infect successive genera-
tions of grubs. The spores endured the unusually cold winter of
1935-36, when the tempervature of the soil without a snow cover
dropped below 15° F. and many grubs were killed by the cold
{(White 1940a). In contrast, the vegetative stage did not endure a
temperature of 50 for 2 weeks (Dutky 1963).

The spores are resistant to heat. They were not affected by an
exposure for 80 hours to 1.10- (White 7946) or for 10 minutes to
176~ (Dutky 1940}, but they lost some of their potency by an
exposure for 10 minutes at 194 , and most of them were killed at
212° (Beard 1945). In contrast to the spores, no stage of the beetle
survived an exposure for 1 minute in water at 128+ (Fleming and
Baker 194.2).

Neither excessively wet nov extremely dry seils impaired the
eftectiveness of the spores, Spores remained viable in air-dry soil
for more than 10 years (White 1940u) . Spores in dried blood films
also remained viable for several years (Dutky 71940, 1962, Beard
1545},

Spores were reduced in potency by exposure to ultraviolet light
for 2 hours (Beard 7945) or Lo sunlight for more than & hours
(White 1946). However, when spores were mixed with tale and
chalk and exposed in a layer a thirty-second inch or more in depth,
sunlight did not reduce their potency significantly during an ex-
posure of 72 hours (White 1246). Exposure for 16 hours to a
dosage of 5,600 rads of gamma rays from a cobalt 60 source did
not reduce the number of spores germinating and forming colonies
on bran infusion agar or the potency of the spores. A dosage of
100,000 rvads reduced the germination but did not modify the in-
fectivity of the spores, wheveas a dosage of 1 million rads killed
most of the spoves (Tashiro u npublished}.

When the spores were suspended in a series of buffered solutions
ranging in pH f{rom 3.2 to 8.0 and then injected into grubs, all
grubs developed infection with suspensions having a pl of 6.8
or more, but as the pl of the suspensions was lowered below 6.8,
the incidence of infection among the grubs decreased progressively
until it was only 10 percent with a pH of 3.2 (Beard 1945). In
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soil where the pH was adjusted progressively from 4.85 fo 6.60
by the addition of hydrated lime, there was an indication that the
potency of the spores was favored by the higher pH (Beard 1945},
Growth of the spores on artificial media under aerobic conditions
was obtained only on freshly sterilized alkaline media. Under
anaerobic conditions growth was obtained when the pH of the
media was between 5.5 and somewhat tess than 9.0 {(Dutky 1963}.

Development of Infection in Criubs.—The spore stage of B.
popillice normally occurs in the soil. As the grubs work thelr way
through soil, feeding on roots and humus, they may ingest the
spores along with other material, Beard (1945) demonswraced that
the normal method of invasion was by the mouth, rather than by
penetration of the integument or the tracheal walls. Grubs with
their mouths sealed with a synthetic resin were able to live in
inoculated soil without becoming infected.

Hawley and White (19.35) thought that the bacteria penetrated
through open wounds, such as might be caused nipping each other
under very crowded conditions, probably because 3pencer {(un-
published} in 1924 had reported that injured grubs acquived infec-
tion more readily than did normal grubs. This hypothesis is not
tenable, Although grubs frequently bite each other when removed
from soil, they rarely do so even under crowded conditions in the
field, because in nature each grub is in its own individual cell in
the soil. There is no record of more than one grub being found in
a cell.

Beard (1945) found that the incidence of infection among
wounded grubs was no higher than among normal grubs. However,
if a healthy grub did bite an infected grub, thereby getting a
mouthful of blood containing vegetative rods or spores, it might
become infected. Since an isolated grub in inoculated secil may
become intected and infection may be induced by oral injection of
spores, there seems to be no doubt that the normal mode of in-
vasion is by way of the alimentary tract.

The ingustion of spores by a grub does not always produce in-
fection. The spoves may pass through the alimentary tract and be
discharged with the fecal matter, or they may germinate and pro-
duce infection. The first evidence of infection is the presence of
vegetative rods, not spores, in the blood, indicating that the spoves
germinate in the alimentary tract and the bacteria reach the blood
in the vegetative form. However, the wall of the alimentary tract is
not a sievelike structure through which bacteria can pass readily.
The gut, particularly the vectal sac, novmally contains large num-
vers of soil micro-organisms, some of which are lethal when they
enter the body cavity. An injury to the guf that permits these soil
micro-organisms to enter the blood is usually fatal within 24 hours.
Since some of these micro-organisms are more virulent in the
blood than E. popillice and many are smaller, the mechanism of
infection is one that permits the passage of B. popilline but ex-
cludes the other micro-organisms.

Beard {1945) endeavored to locate the region in the gut where
penetration by B. popillice occurred. It seemed evident from the
low rate of infection of grubs in inoculafed soil that there was a
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restricted region of penetration. His tests demonstrated that the
spores did not germinate and peneirate the wall of the rectal sac
or the rectum. It was doubtful that the first, second, or third civele
of gastric ceca or the ventriculus was the site. The most probable
site of penetration was the Malpighian tubules, attached to the
hindgut and extending anteriorly. In a few cases spores were de-
tected in the tubules of grubs allowed to feed for a few days in
soil containing a high concentration of spores.

1t appeared that in passing slowly through the alimentary tract
with particles of soil and other solid matter, some spcres entered
the tubules through their orifices and germinated there. There is
no reason to believe that the spores in any way actively seek the
point of germination, but are presumed to be passively carried to
that point. If they failed to reach that location, they passed on
through and out of the alimentary tract. The germinating spores
apparently passed through the walls of the tubules into the blood,
but there is no evidence that the vegetative form is excreted by way
of the tubules. It is possible that the physiology of the germinating
organism permits such penetration, whereas that of fhe dividing
or sporulating organism does not. Thus, after the ingestion of
spores by a grub, the development of infection is a probability
phenomenon.

The three larval instars of the beetle appear to be equally sus-
ceptible to infection by B. popiliiae (Beard 1945). Infected adult
beetles were produced experimentally by injecting spores into
third-instar grubs and pupac (Dutky 196.; Langtord et al. 1942}).
It is of interest that the bacterium could pass from grub to pupa,
remain viable during histolysis and histogenesis, and produce an
acute condition in the adult beetle. The natural incidence of infec-
tion among adult beetles in the field is very low, Langford et al.
(194.2) estimated the incidence as 28 per 10,000, but Dutky (126.2)
did not find a single instance of natural infection among several
thousand beetles collected in areas where infection among grubs
was high,

A close relationship exists between the development of the
bacterium in the blood and the ability of the host to metamorphose,
1t is possible for an infected grub to molt before the bacterium has
completed its development. If at the time of pupation the bacterium
has not reached its final stage, metamorphosis procceds in an
apparently normal manner. After the blood becomes filled with
spores, the grub does not develop turther. However, the grub does
not always die upon completion of the bacterial cycle. Many grubs
live for weeks, or even months, after their blood has become loaded
with spores. It is not uncommon for grubs that become infected
late in the fall to overwinter, but they usually die soon atter
becoming active in early spring. Not only do infected grubs re-
main alive, but they continue to feed. As death approaches they
become less active, then moribund. When the circulation of the
blood stops, the bacteria settle to the bottom of the body cavity
of the grub.

Susceptibility of Various Grub Species to Infection.—As dif-
ferent species of white grubs were collected in the field during
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surveys or were made available, tests were conducted to determine
their susceptibility to infection by B. popilliae. Dutky (1941) de-
scribed the technique of such testing. Dutky and Dobbins {unpub-
lished) made many tests to determine the susceptibility of other
species to B. popilliae grown in the blood of grubs of P. juponica.
Tests also were made by Adams {1949}, Beard (1956), Carter
(1945), Dumbtleton (19245), Dutky (1941a, 1957, 1863), Hurpin
(1935, 1957, 1958), Montgomery (1842}, Tashiro and White
(1554), and White {7947). The results of these tests are as follows:

Naturally infected in field:

Amphimalion majalis

{ Razoumowsky)
Anontafie ortentells Waterhouse
Cyelocephala borealis Arvow
Cyelocephaln immacdnte {Olivier)
Mulndere custunea (Arrow)
Phyllophaga unxia LeC.

Infected by feeding in inoculated soil:

Amplimallon meajulis

( Razoumowsky)
Anomala erientalis Waterhouse
Aphonus caslanens {Melsh. )
Cyclocephaln sp.
Macrodactylus subspinosus {F.)
Melolontha wnelolontha {1.)
Oduntria zeadundica White
Phytlophaga enein LeC.

Infected by direct injection:

Adorelns sinicus Burmeister
Amphimallon mejulis
{ Razoumowsky)
Amphimedlon solstitialis {1..)
Anonudd innube {F.)
Anopeed lucicoln (1)
Anopreede oblivie Horn {probably)
Anemneede orientalls Waterhouse
Aphodins hawitti Hope
A phonus custanens { Melsh,)
Brachysternus sp.
Cetonia anrate (1)
Cycloce plietle borealis Avrow
Dichelonys sp. !
fliplotaxis sp.
Heteronyehus sanctue-helenae
Rianch.
Hylamorpha elegans (Burm.)
Muervdnetylug sibspingsns (F.}
Muladera castaneq {Arrvow)
Melolontha melolontha (L)
Melolonthe vulparis (F.)
Cdontrin cenlandice White
Oryeles nasteornis (L)
Peliduata punclefe (L.}
Phytlophage anrie oG,
Phytlophage bipuartita {Horn}
Phoglloplueya congrna {LeC.)

Phyllophaga fralera Harvis
{probably}
Phyllophuge fusce (Froel,)
Phyllophage futitis {LeC.)
Phytlophuge hirticwla {Knoch}
Phytlophaga tnverse Horn
Popillia juponica Newman
Strigodermelle pyymaea (F.)

Phyllophaga congrre {LeC.)
Phyllophage ephilidu (Say)
Phytlophoge fraterne Harris

{probably} t
Phyllophege futitis (LeC) {from
Itiinois}
Phyllophagea hirticwia {(Knoch) !
Phyllophuge vugosa (Melsh.) 3
Popillie jeponica Newman

Phyllophugn erassissima {Blaneh.)
Phlyliophege crennlata {Froel.)
Phyllophagae drakel {Kivby}
Phyllephage ephilida {Say)
Phyllophaga forbes: Glasgow
Plyllephagn forstert {Burnu}
{ possibly)
Phyllophage fraterna Harris
Phyllophage fusca {Froel.)
Phytlophague futilis (LeC.)
Phylluphaga glaberrima {Blanch.)
{probably}
Plyllophaga gracilis (Burm.)
Phyltophago hirticwle (Xnoch}
Phgllophage hornii {Smith)
{probably}
Phyllophaga tmplicita {Horn)
Pilryllophegae mverse {Horn)
Phyltophueya marginalis (Lee)
{ probubly)
Phyllophaga wticany (Knoch}
Phyllophage quercus {Knoch)
Blytlophugo rugose (Melsh,)
Phlyllophaga tristis {F.) 1
Phytadus georginnus Horn
Papillia joponicn Newman
Sericesthis prainosa {Dalman)
Strigoderma urbovicole (F.)
Trichiotinus sp.
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Not infected by feeding in inoculated soil:

Amphimalion golstitiolis (L.) Phyllophaga fusea (Froel,)

Cetunie auratu (L.} Phyliophaga futitis (LeC.) {from

Lichnanthe vulping (Hentz) Wisconsin}

Maludera castanea { Arrow) Phyllophaga firticwie (Knoch)

Oriypetes nasicornty (L) Phyilephage inverse (Horn)
Phyllophugo rugosa (Melsh.)

Not infected by direet injection:

Cotiniy nitide (L.) Dermolepida albiolhirtion Waterhouse
Cyclocephale immacutata {Olivier) Lichnowuthe ruiping (Hentz)

P Infected with spores recovered from naturally infected grub of Phy{iuphaga
Kirticulu. In all other cases spores grown in bleod of Pupillic japonice were
used.

Relationship Between Spore Concentration and Grab Infection.
—The incidence of infection among the grubs is a graded response
to the concentration of the spores in the soil. Information on this
rvelationship has been published by Beard (7944, 1945), Dutky
(£947, 1962), and Tashiro and White {(1954). A large amount of
unpublished data on the response of third-instar Popiilia grubs to
known concentrations of spores in soil was accumulated at the
Japanese Beetle Laboratory while evaluating the potency of various
lots of spore dust and in hioassays of soil from field plots contain-
ing unknown numbers of spores (Dobbins unpublished ; Dutky un-
published; Fleming unpublished}. Although the dosage response
in each series was characteristic, the level of infection attained in
the different series was variable. 1t was modified by the size, ma-
turation, and nutritional state of the grubs, the temperature, and
the potency of the spores.

A typical response of the grubs at 86 F. in soil inoculated with
standavdized spore dust is given in table 7. A population of about
60 million spores per kilogram of soil was required in these tests to
produce a low level of infection among the grubs. The incidence
of infection inereased progressively with the increment in the
spore population and the prolongation of the exposure, About the
maximum incidence of infection was obtained with a population of
2 billion spores per kilogram of soil. Further inerements in the
spote population produced only a slight increase in the incidence
of infection. About two-thirds of the grubs at each dosage level
that became infected showaed symptoms of infection by the 15th
day of exposure. Only a few additional grubs became infected after
an exposure of 30 days. The grubs that did not become infected
were not necessarily resistant to the pathogen. It is more probable
that by chance they did not ingest encugh spores to become in-
fected. Beard (1644) cdemonstrated that grubs failing to become
infected during one exposure did not have any diminished suscep-
tibility when introduced again into inoculated soil.

Probable Physiological Efforts of Bacteria on Grubs.—The ef-
fects of B. popillice on the grubs appear to be physiological. Beard
{1945} found no necrosis of any organ system or tissues, and prior
to the moribund condition no difference in the activity of infected
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TasLe 7.—Incidence of tnfection among third-instar Popillia grubs in soil
inoculated with spores of Bacillus popilliae at 86° F.
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and healthy grubs was apparent. A mechanical block of the blood
by the spores was not observed. This block appeared to be remote
because of the open circulatory system. When he injected living or
dead spores, suspended in blood or in distilled water, all the grubs
died within 12 days, but when heat-fixed blood minus the spores
was injected, the mortality was only 40 percent during this period.
Dutky (1863) found that cell-tree filtrates of cultures of B.
popiltice injected into the biood in small amounts were lethal. The
toxic substance was apparently heat labile, because injections of
filtrates heated to 122° F. for 10 minutes did not injure the grubs.
He found that injection of 20 micrograms of dihydrostreptomycin
into a grub within 48 hours after the introduction of spores into
the blood interrupted the development of the bacterium so that the
grub remained healthy, but when the antibiotic was administered
72 hours or more after introducing the spores, the development of
the bacterium was not inhibited. Penicillin G, Aureomycin hydro-
chloride, and sulfadiazine sodium did net prevent the development
of the bacterium. It would appear from these tests that the develop-
ment of toxic preducts in the blood was one cause of the death of
the grub. Another cause ¢ould be the locking up of the nutrients in
the blood in the vegetative cells and spores of the pathogen.
Possible Antibiotic Jdetion of Buecteria.—Beard (1946) reported
a phenomenon suggesting antibiotic activity of B. popillize and B.
lentimorbus. When a mixture of spores of these pathogens was
injected into the same grub, either B. popillice or B. lentimorbus
developed, not both of them. The relative spore dosage largely
determined which organism was successful. In most cases B. popil-
lize developed, but when the spores of B. lentimorbus greatly
exceeded the number of spores of B. popilline, B. lentimorbus
might develop. Time was ulso a factor. When spores of B. lenii-
morbus were injected into a grub and 2 days later spores of B.
popilliae were injected into the same grub, the growth of only
B lentimorbus occurred, except when large dosages of E. popillige
were used. In the latter case the time advantage was overcome and
only B. popiliice developed. When B. popilline was given the time




BIOLOGICAL CONTROL OF THE JAPANESE DEETLE 53

advanfage, only that organism developed. In direct competition
B. poptiline seemed to be the more potent pathogen. This antibiotic
activity might explain the mutually exclusive development of these
milky disease bacteria in the grubs.

Vertical Distribution of Spores in Field. —The spores are not
uniformly distributed in the soil in the field, but are present in
spots of high concentration where they have been released from
decomposed grubs that had died of the infection. The spores be-
come tightly bound to the soil particles and tend to remain where
they have been deposited. However, the movement of the grubs
and other creatures through the soil tends to distribute the spores.
Since the grubs feed close to the surface of the soil and most of
the infected ones die there, more spores occur in the upper few
inches than at lower depths. The vertical distribution of the spores
is affected not only by the movement of these insects but by tillage.

Beard (1945) introduced grubs into soil taken from turf where
B, popilliae was well established. Infection developed in 90 percent
of the grubs introduced into the upper inch of soil, in 54 percent of
those in the second inch, and in 46 percent of those in the third
inch of soil. Ladd (unpublished) found that the spores in culti-
vated fields were fairly uniformly distributed throughout the
upper 6§ inches of soil, the normal depth of tillage.

Nutural Dispersion.—Field and laborvatory studies have shown
that birds and insects are important agents in the natural disper-
sion uf the pathogen. Chickens and starlings fed infected grubs
voided viable spores in the droppings, with no effect on either
species {White and Dutky 1/40). Ants were observed dragging
dead diseased grubs for distances up to 10 feet. The parasitic wasps
Tiphia vernalis and T. popilligvora while searching for grubs in
vhe soil may become contaminated with spores and carry them to
other sites {White 1943). Skunks and moles are probably carriers
of spores. The movement of soil by wind, water, or man must also
greatly affect the spread of the pathogen.

Compatibility of Milky Disease and Tiphia Wasps.—B. popil-
liae and the Tiphia wasps are in general compatible parasites of
the grubs (White 71944). The wasps oviposited on infected grubs,
but the parasitic iarvae feeding on the tissues did not develop
infection. Some of the progeny of Tiphie failed to complete their
development on infected grubs. When the development of the
bacterium was well advanced at the time of oviposition, the grubs
sometimes died before the parasitic larvae matured. This was not
an important factor with 7. vernalis, which is actively ovipositing
in May when the soil temperature is too low for the rapid develop-
ment of the bacterium. It is 2 more important factor with 7. popil-
lievora, a species on the wing in August when the soil temperature
is above 70° F. and favorable for the development of the pathogen.
In a survey in an area where both B, popilliae and Tiphia were
well established, 38 percent of the grubs were infected by the
bacterium and A8 percent of them were parasitized by the wasp.
Included in these percentages is 15 percent of the grubs that were
both infected and parasitized,
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Preservation of Cultures.—The different strains of B. popilliae
have been preserved as dried blood films for future use. Dutky
(1942) found that the dried blood films of infected blood retained
their virulence and ability fo germinate indefinitely. Usually a
culture on a glass slide contained 2 to 3 billion spores. Most of the
vegetative forms were killed during the preparation of the slide or
died soon after. After about 6 months, suspensions prepared from
dried films were very stable; they did not darken and showed little
or no loss in infectivity.

In the preparation of dried blood films, the treatment of the
grubs before bleeding to prevent clotting is most helpful. Dutky
(1964) inhibited clotting by immersing the grubs for 5 minutes
in 95 percent ethyl alcohol. The treatment did not kill the grubs.
Blood withdrawn from grubs immediately after treatment still
clotted, but within 10 minutes after removal from the aleohol, the
clotting power was lost. The clotting power was regained after 24
hours. Beard (1945) accomplished this by immersing the grubs in
water at 135° F. This treatment killed the grubs. More recently
Haynes et al. (£962) showed that cultures can be preserved for at
least 20 months by lyophilization.

Pathogen Propugation and Preparation for Distribution.—
Many bacterial pathogens of man, animals, and plants can be
grow. i large numbers on artificial media, but B, popilliae grows
poorly or not at all on most bacterial media. Since 1939 many
studies have been conducted by Federal, State, and private labora-
tories to develop a practical method for prepagating the bacterium
on artificial media so that large numbers of spores could be pro-
duced for colonization of the organism (Hawley 1952), but by
1964 the investigation had not been successful.

Dutky (1947) summarized the preliminary studies on the growth
requirements of the bacterium. Later he (1965) discussed the
effect of pH and the oxygen, carbohydrate, nit-ogen, and mineral
requirements of the organism for growth on artificial media. On
media that supported a heavy growth of the vegetative stage, the
bacterium failed to sporulate and the vegetative stage was short
lived. On restrictive media, in which the organism grew poorly to
a limited extent, the vegetative form was long lived. Steinkraus
(1957, 1957a), Steinkraus and Provvidenti (1948), and Steinkraus
and Tashivo (1955) produced some spores on solid medium by
transferring the vegetative cells grown on a complete medium to a
starvzgion medium or by raising the temperature of the medium to
113° F,

The virulence of the artificially produced spores was essentially
the same as that of the natural spores when tested by injection
into grubs, but it was only about one-fifth that of the natural spores
in feeding tests with grubs in inoculated soil. However, this method
is not practical for large-scale production of spores.

In 1959 the Northern Utilization Research and Development
Division, U.S. Department of Agriculture, undertook studies to
develop a practical method for producing the spores on artificial
media. Phases of this study were conducted at Michigan State
University and the University of 1linois as well as at the Division's
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Fermentation Laboratory. At a conference in 1962 to discuss the
progress of this investigation, it was evident that although much
progress had been made on the propagation of the pathogen on
artificial media, the large-scale production of spores had not been
achieved.

In the absence of a practical method for the propagation of B.
popillice on artificial media, a process was devised in 1939 for
producing the spores in the blood of the grubs and incorporating
them in a dust for storage and distribution in the field. This process
has been outlined in detail by Dutky (1942a). The essential fea-
tures of this method were patented (Dutky 1941b, 194:2) and the
patent was assigned to the Secretary of Agriculture,

In the procedure, the spores from dried blood films on stock
slides are suspended in sterile distilled water and the number is
adjusted to approximately 300 million per 1 ml A hypodermic
syringe filled with the standardized suspension is placed in a micro-
injector, a patented device developed by Dutky and Fest (1942).
The microinjector is adjusted to deliver 0.023 ml. of the suspen-
sion. This volume of the suspension containing approximately
1 million spores is injected into each full-grown grub in the dorsal
part of the suture between the second and third posterior abdominal
segments. Care is taken not to puncture the gut.

The injected grubs are placed in moist soil containing one-half
pound of grass seed in each 100 pounds of soil and incubated at
86° F. for 10 to 20 days until most of the grubs have developed
macroscopic symptoms of infection. The dead and uninfected
grubs are discarded. The living infected grubs are placed in jars
of ice water and stored at 35 until enough of them have been
accumulated for processing. The living infected grubs are ithen
removed from the ice water and crushed in a meat choprer. A little
water is used to wash out the chopper. The density of the spores
per milliliter is determined. This standardized suspension is then
added to U.8,P. precipitated ealcium carbonate so that the mixture
contains 1 billion spores per gram of dry material. After thorough
mixing and drying, this concentrate is mixed with a sufficient
amount of tale so that the final mixture contains 100 million spores
per gram. If there is no loss in the preparation, 28 grubs each con-
taining 2 billion spores would produce 1 pound of spore dust.

The final product is assayed to determine its potency. Twenty
grams of the product containing 2 billion spores are mixed with
each kilogram of soil and healthy third-instar grubs are introduced
and incubated at 86- F. The development of infection with the
test sample is compared with that produced by a standardized
spore dust. Juring 1939-53 over 180,000 pounds of standardized
spore dust were produced at the Japanese Beetle Laboratory
{(Fleming 1958a). [n addition, several thousand pounds of the
dust have been manufactured for sale by licensees under the as-
signed patents. The spore dust has been held in storage for over
10 years without any noticeable detervioration (Hawley 1952).

‘The preparation of spore dust in pellet form for distribution by
autogiro and airplane was first investigated in 1941 (Dutky un-
published). Sufficient glycerin was added to the dust to make a
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plastic mass, which was agitated in a rotating container until
peliets formed. Stable pellets were produced by this method with
55 ml. of glycerin to each 200 grams of dust. Biological tests
showed that the process did not impair the infectivity. However,
the distribution of the material by autogiro or airplane at that
time was impractical (Hadley unpublished).

Dobbins (unpublished) tested eight formulations of tablets
prepared by a commercial company in 1945. Each tablet contained
200 million spores, an oil, and a dispersing agent, and in three
formulations a binder was added. Biologicai tests indicated that
the potency of the spores was not impaired in the fablets without
the binder, but it was reduced by the addition of the binder. All
these tablets disintegrated too slowly in the field to be satisfactory,
and during exposure some of them lost up to 75 percent of their
initial potency.

Beard (7946a) described a method for making soluble tablels
containing spores. Macerated infected grubs were mixed with a
2:3 mixture of dextrose and sedium bicarbonate and standardized
so that each pressed tablet contained 200 million spores. These
tablets normally disappeared within 2 or 3 days on the ground,
even when there was no rain. Tests showed that the potency of the
3p01’es in the tablets was aboul the same as in the regular spore

ust.

In 1959 the Methods Improvement Laboratory, Gulfport, Miss.,
of the U.S. Plant Pest Conftrol Division {unpublished) prepared a
granular formulation of spores by tumbling 10 pounds of 16-30
mesh attapulgite clay with 5 pounds of spore dust assaying 1 billion
spores per gram. Affer the ingredienis were thoroughly mixed, the
mixture was sprayed with 5 pounds of 50-percent agueous glycerin
as a sticker, deactivator, and humeectant, The final product con-
tained approximately 100 million spores per gram. Biological tests
{Fleming unpublished) showed that there was considerable varia-
tion in the potency of the different batches, probably because the
process at that time was not well standardized. However, most of
the batches had a potency equivalent to that of the regular spore
dust.

Development of Colonization Method ~—-White and Dutky
(1946) demonstrated that spore dust, spore suspensions, inoculated
grubs, or infecticus soil could be used {o establish infection among
grubs developing naturally in the field in areas where the pathogen
did not occur natutrally. The application of spore dust was the most
practical of these methods. Establishment of the organism resulted
from the application of 25 million to 1.5 billion spores per square
foot when applied continuously or in spots several feet apart.

Beard (1943} applied spores at the rates of 1.25, 2.5, and 5 bil-
lion per square foot to infested turf, containing 3, 18, and 48 grubs
per square foot. Eight weeks later no infection had developed in
the light population of grubs. The incidence of infection in the
intermediate grub population ranged from 11 percent with the
lowest dosage to 15 percent with the highest dosage, and in the
high grub population from 28 to 37 percent, respectively.
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Adams and Wheeler (7446) applied spove dust over turf in April
at rates ranging from 10 milhion to 2 billion spores per sguare
foot. Practicatly no infection developed among the brood of grubs
before pupation, but infection began to appear among the new
brood of grubs that hatchied during the summer, By the following
June the incidence of infection among a grub population of 13 per
square foot vanged from 0.3 percent with the lowest dosage to 25
percent with the highest dosage, and among a grub population of
31 per square fool from 21 pevcent to 87 pevcent, respectively. The
highest dosage gave adequate control of the grubs 18 months after
application, but about 1§ years elapsed before the lower dosages
reached that level ol effectiveness.

White (7248} applicd 25 million spores per square (oot over turf
mn Qctober. The grub population of 11 per square Foot was reduced
Lo 27 per square foot by the following June, when the incidence of
infection among the grubs was 8 percent. The next brood of grubs,
averaging 22 per square foot in August, was reduced to 2 per
square fwot by the following June, and during that period the inci-
dence of infeetion among the grubs inereased from 11 Lo 70 percent.
Infection developed more rapidly among the grubs in the fests by
White because the plols weve in Washingion, D.C., where the soil
was warmer and the growing season longer than in the tests by
Adams and Wheeley in New York State.

White (1%50a) demonstratoed that /2 popittice could survive un-
der adverse conditions in the field, and when the situation im-
proved, it could become a Factor in the control of the griabs, Turf
at West Chester, Pa,, was inoculated in Octobor 1935, when the
grub population averaged 27 per squate foot. The low temperalure
during the winter of 1935=36 killed 81 percent of the grubs and
the beetle did not become abundant again at that site unt:d 1938,
In Beptember of that year the grub population in the inoculated
plots averaged 39.3 per square Loot and the incidence of infection
6 percent. By the following June the grub population had declined
Lo 11 per square foot and the incidence of infection had increased
to 3.9 percent. In addition, the bacterium had spread in all diree-
tions from the plots; infected grubs were found at a distance of
1,3640) fept,

During 1938 and 1939 White and Dutky (1240} inoculated field
plots in the vegion extending [rom Cape Charles, Va., northward to
Staten Island, N.Y., and westward to Reading, Pa., where sub-
stantial grub populations occurred, to study the effectiveness of the
pathogen under a wide varviety of conditions. White (unpublished)
established many additional plots during 1940 and 1911 in Con-
necticut, Delaware, District of Columbia, Maryiand, New Jersey,
~New York, Pennsyivania, and Vivginia. B, popitlice beeame estab-
lished at practically all these sites, showing the adaptability of
the organism to dilferent types of soil and other environmental
conditions. At most gites 2 or 3 vears elapsed before the pathogen
had built up to a level to control the grubs, but at Cape Charles the
grubs were controlled the first year. The grub population there
was 121 per square foot in July 1939 when the spores were applied.
By September there were only six healthy grubs per square foot,
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The various experiments showed that the density of the grub
population was often a more important factor in the establishment
and bunildup of the pathogen to an effective level than was the
dosage of spores applied. Regardiess of the dosage applied, the
pathogen soon became established under favorable conditions when
the density of the grub population was 30 or more per square foot,
but the establishment and buildup were slow when there were only
one or twe grubs per square foot, With a moderate to heavy popula-
gion of grubs, control of the grubs was usually attained within
2 or 3 years by applying 2 grams of spore dust (200 million spores)
per square foot. By raising the dosage to 20 grams per square foot,
the Lime required to bring about satisfactory control was usually
reduced Lo 1 or 2 years.

White and Dutky {(1842) delermined that the most practieal
method for colonizing the pathogen was to apply 2 grams of spore
dust at intervals of 10 feet over established turf, using a hand
corn planter of the rotary Lype so modified that the dosage was not
deposited in a heap but was released over a larger area. The appli-
cation of spore dust in this manner vequires 13, pounds per acre.

Natural Establisfunent of Pathogen,—ln the meanwhile the
pathogon was becoming established naturally at many sites
throughout the avea infested by the beetle (White 1941). The
manaer in which the soil became inoculated at those sites is nof
known. The development of the pathogen naturally at Springheld,
N.J., Washington, D.C., and Perryville, Md.,, is typical of the situa-
tion at other sites,

Theve was no indiration that £, popillive was at Springfield in
the fall of 1937. No infection was found among the several thousand
grubs dug there at that time. Early in May 1939 about 0.2 percent
of the grubs were infected. The population, which averaged 36 per
square foot at that time, declined to 5 per sguare toot by July and
the incidence of infection increased fo 18 percent. The new brood
averaged 0 per sguare foot in September. That population declined
to J.b per square foot by the following June and the incidence of
mfection increasced to 60 percent. Thus, the pathogen infected
approximately 95 percent of that brood of grubs.

The presence of the pathogen in the District of Columbia was
diseovered in 1936, when one infected grub was found in the
Benning Road section. A survey in 1940 showed that the distribu-
tion of the pathogen in the Distriet was limited, and with the ex-
cention of one site the incidence of infection among the grubs was
very low. It was evident that the organism was becoming slowly
established naturally in that avea.

White and McCabe {1950} studied the colony of the pathogen
on the grounds of the Perry Point Veteran's Administration Hos-
pital at Pervyville, Md., over a 10-year period. In August 1939 the
grub pepulation averaged 37 per square foot and the incidence of
infection was 1 percent. By the {ollowing June there were only
6.3 grubs per sguare foot and the incidence of infection had in-
creased to 67 percent. This pattern of decline in the grub poepula-
tion and of increase in the incidence ./ infection was repeated with
modifications with cach of the following broods of grubs. In spite
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of the movement of beetles each summer from the surrounding
area into the grounds of the hospilal, there was a trend for each
successive brood of grubs to be less numerous than the previous
ore, [t was estimated that the pathogen reduced the potential emer-
gence of the broods by 86 to 81 percent.

Colonizution of Puthogen. —The dapanese Beetle Laboratory in
cooperation with various State and Federal ageneies undertook
I 1939 an extensive program of colonization to accelerate the
spread and the bulldup of [ popilliae throughout the arca infested
by the beetle. The spore dust was applicd to pastures, lawns, golf
courses, cemeleries, parks, and other areas of established turf, 1t
was wsually applied by a modified hand corn planter in spots at
T0-feot intervals, About 2 grams of dust wore deposited in each
spot, about 1 square ool in area. Generally on Government rescrva-
tions the dust was applied at 10-fool intervals in lines 20 feet apart.
Usuaily two half-acre plols were established in cach sguare mile
of vpen country and one hall-aere plot for each 10 acres in a golf
course, park, or cemetery, In cily areas 1 block in each 10 was
treated, and 1 spots per properly in approximately 20 properties
per block {(White and M abo 145.4).

The Japanese Deetle Laboratory veported regularly on the prog-
ress of the colonization program {Hawley 1952 White and Dutky
1932; White and MeCabe 1952, 1946, 1LYy, Laster (1047) ve-
ported on the application of spore dust at 18 posts of the Second
Army in PCennsyivania, Marviand, Virginia, and the Distriet of
Columbia, In addition, most of the cooperating State agencies re-
ported on their progress in the program. The States were Con-
necticut {Oarman ot al. 1431, 1852, 1843; Schread 1944, 1043,
56, 1047), Delaware ( Chada ol al, g2 Rice t24.: Stearns of al,
1251y, Maryland (Cory 1v,0: Cory and Langford 1944, 1950,
1955}, New York (Adams and Matthysse 1249 Buchholz 1942,
1933 Smiuth 7951 Smith and Daniel 1942, Wheeler 7943, 1943a;
Wheeler and Adams 1153}, Ohdo (Polivka 1950, 1956, 1960), Penn-
sylvania (Light 1942y, Rhode isiand (Eddy 194.2), and Virginia
{French 1877; Froneh ot al, iy,

Most of the spore dust used in the colonization program was
processed al the Japanese Beolle Laboratory. During 103953,
180,000 pounds of standardized dust were produced theve. Several
State agencies forwarded  infected grubs [or processing into
standardized spore dust, other State agencies furnished grubs for
injection and processing, and some State agencies wero unable to
supply any grubs. Al the spore dust produced from the grubs
supplied by the States was returned to them for distribution. The
Laboratory produced over 43,000 pounds of dust Tor use by Fed-
eral agencies and to augment the dust available to the States. In
addition, some State and Fodoral agencies obtained spore dust
from commereial laboratories, which were licensed to produce the
material under the assigned patents,

The conperative colonization program was carried on as vigor-
ously as possible. By 1912 over 61,000 pounds of spore dust had
heen applied Lo 33,500 acres at over 15,000 sites in 12 States and
the District of Columbia (While and McCabe 71943). Three years
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later 113,500 pounds had been applied to 58,000 acres at over
73,000 sites in these States and the District of Columbia {\White
and McCabe 1946}, By 1949 ove- 147,700 pounds of spore dust
had been applied to over ¥2.000 ac: es at 108,000 sites in 14 Stafes
and the District of Columbia (White and McCabe 1851}, By 1961
over 178,000 pounds of dust had been applied to over 101,000 acres
at over 132,000 sites in these States and the District of Columbia
{Hadley unpublished).

Further details on the colonization program are given in table B.
The program was disrupted in 1952, when the pathelogy laboratory
was transferred from Moorestown, NJ., te Beltsville, AMd. In 1953
the project was discontinued, even though the colonization program
had not been completed. The data for 1952 and 1953 are incomplete
because Full reports were not received for those years from the
cooperating State and Federal agencies. Fleming (1961) estimaled
Lthat when the program was discontinued in 19583, almost 229,000
pounds of spore dust had been applied in the cooperative Federal-
Stale program at 160,000 sites, and, in addition, 13,500 pounds
had been used in treating properties owned or maintained by the
Federal Government. Furthermore, private individuals had applied
spore dust produced by commercial laboratories to many additional
ACYOS.

Stutus wf Pathogen in Colonized Areun.—When the project was
cerminated in 1953, the study of the status of 5. popilliae in the
various arcas where it had been colonized was discontinued. The
information Lthen available indicated that the pathogen had become
esiablished in many of the arcas and was becoming of increasing
importance in the vontrol of the beetle. However, within b years
jocalized sporadic upsurgences of the beetle were reported in areas
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where the pathogen was appa.-ently well established and the beetle
had not been troublesome for scveral years. It was possible o
imvestigate some of these situations.

The upsurgence was particularly common in new large housing
developments where there had been regrading and the upper in-
fectious layer of soil had been removed or buried. The beetios were
often numerous enough to damage ornamental trecs and shrubs
and injury to turf was common,. Very little infection developed
among grubs mtroduced into soil [rom those sites, indicating that
at the time of the surveys the pathogen was of little mmporiance
in the control of the grubs. There was a possibility that 5. popitliae
would  gradually become recstublished naturally {rom the sur-
rounding undisturbed areas, but the application of spore dust to
the lurf would accelerate the reestablishment {(Fleming unpub-
hshed),

Buring the summer of 1859 the beetle caused more damage to the
ornamental plantings at the Naval Ordnance Laboratory at White-
oak, Md., than it had done during any of the five provious sum-
mers. A osurvey in the fall showed that there were practically no
grubs in the well-kept lawns, but a grub population up to 37 per
square fool was found in the seetion of the golf course that had
been previously a vegetable garden and in the turf of the new
adjacent housing development, With the exeeption noted, B. popil-
liee was well established in the twrf in the reservation. It was
evident that the injury to the ornamental plantings had been
caused largely by bectles migrating into the reservaton from the
housing develupment, A similar situalion prevatled that year on
the grounds of the Perry Poinl Veteran's Admin istration hospital
at Pereyville, Md.  (Fleming unpublished)

Other situations where an upsurgence of the beetle oceurred
were morve compiex. The turf on three golf courses near Pough-
keepsie, NUY,, had been inocalated with spores about 1915, During
19409-39 there had been no serious injury to the turf by the grubs,
but in the fall of 1959 the grub population on these courses aver-
aged 10 to 50 per square foot and damage to the turf was extensive
and severe, An insccticide was applied o all the fairways and
greens of one golf course, but on the two other courses the applica-
tion of an insecticide was limited to the severely damaged areas.
The question was raised whether the grubs had become immune
to infection by /2. popiltice. An assay of composite samples of soil
[rom the two golf courses showed that the soil was highly infec-
tious to grubs collected on the grounds, indicating that immunity
was not a factor. Additional surveys showed that the lateral dis.
Lribution of the organism was very heterogeneous.

An examination of Lhe ciimatological data revealed that in con-
trast to the summoer of 1939 the summers of the previous 10 years
had been hot and dry, a situation thal would tend to keop the grub
populations at a low level. The summer of 1959 with abundant
rainfall was very favorable for the development of the grubs. 1t
was expected that the dense population of the 1959-60 brood would
produce a more uniform dispersion of the spores. In August 1960
the new brood of grubs averaged 17 per square foot on one course
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and 39 on the other, and the incidence of infection among them
was low, but by June 1961 these populations had been reduced
almost 90 percent and the incidence of infection at that time was
in excess of 30 percent. It was evident that adequate dispersion
of the spores had been attained. Since then B. popillice has been
effective in controlling the grubs on these courses. (Fleming un-
published)

A different situation was responsible for the upsurgence of the
beetle at Waverly, N.Y., where the spores had been colonized in
1945 and no serious injury to turf occurred until 1959, a year
favorable for the development of the grubs, When Popitiie grubs
were mtroduced into the soil [rom the site, none of them became
infected, yet infection developed readily among A mpidniation
grubs. \When both species were introduced into soil inoculated with
standardized spore dust, the infection ol both species progressed
at approximately the same rate. During the previous 1.1 years whon
Popillic. populations had been very low, L. popilliae appeared to
have lost temporarily its virulence to Popillic grubs and had
developed a prefevence for Amphimallon grobs. (Fleming and
Tashiro unpublished)

During 196063, assays were made of the soil at almost 100 sites
to obtain more information on the status of F. popillice in areas
where the pathogen had been colonized about 20 years previously
and in arcas where the organism had not been colonized. Thivty
assays were made of the soil from incculated golf courses and
pastures in Delaware, Maryland, New Jersey, New York, Pennsyl-
vania, Virginia, and the District of Columbia. A more intensive
study was made in New Jersey. Assays were made of inoculated
turf at 17 sites in Atilanti¢, Camden, Gloucester, Hunterdon, Mer-
cer, Middlesex, Monmouth, Ocean, Salem, and Warren Counties,
and at 1% sites in Burlington County. In addition, assays were
made of the soil in 19 uninoculated pastures and in 11 uninoculated
cultivated fields within 1 or 2 miles ol a colonization site.

The infectivity of the various soils, expressed as millions of
spores per kilogram ol soil, is summarized in fable 9. About the
same situation prevailed throughout the arca assayed. Infection
developed among grubs introduced into soil from all the inoculated
sites, but the infectivity of the different soils varied greatly. It was
estimated that the spore population in the upper 3 inches of the
inoculated soils ranged from 1 million to over 1.6 billion per
kilogram. The pathogen appeared to be well established at about
one-third of the inoculated sites, as indicated by a population of
100 million spores per kilogram of soil. The pathogen had de-
veloped naturally in about one-fifth of the uninoculated pastures
within 1 or 2 miles ol an inoculated site to a level where adequate
control of the grubs could be expected. It had become established
naturaily in 82 percent of the cultivated fields assayed, but the
populations ot spores were low. The pathogen probably would
have been even bettor established if Tow populations of Pepillia had
not prevailed for several years, (Fleming and Ladd unpublished)
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TaBLE 9.—Status of Bacillus popilline about 20 years ajter colonization,
196063
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Control of Isolated Beetle Colonies With Pathogen.—Since ap-
plying insecticides over a large area to control isolated beetle
infestations has caused concern to the general public, wildlife
enthusiasts, public-health officials, and others, the U.S. Plant Pest
Control Division explored the possibility of applying a spore formu-
lation as a substitute for insecticides under these conditions. A
granulated formulation was applied in 1959 and 1960 at 50 and 100
million spores per square foot to established turf at Dahionega,
Ga., Wilmington, N.C., and Glenmor and Toledo, Ohio. Assays of
the soil prior to treatment showed that the pathogen was not
present at Dahlonega, but it was becoming established naturally at
the other sites.

The results of the assays made periodically after the application
of the spores were confounded to some extent by the presence of
other pathogens that killed the grubs more rapidly than did B.
poptllize and by insecticide residues in the soil at Wilmington,
Glenmor, and Toledo. The dosage of spores applied did not seem
to be the important factor. The application of the spores aceelerated
the buildup of the pathogen at Dahlonega, Glenmor, and Toledo,
but it did not do so at Wilmington. Only at Glenmor did the
pathogen increase sufficiently within 2 years to reduce the grub
population to a low laevel.

In these tests the populations of the pathogen did not increase
quickiy enough to retard the spread of an isolated colony of bestles.
However, even if the pathogen had been more effective, the appli-
cation of spores at the rate of 100 million per square foot is not
feasible at this time, because the spores have not been produced
cheaply and in abundance on artificial media and the formulations
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now available with spores produced in the blood of grubs are in
short supply and too expensive to be appliied at such a rate over a
large area. {Fleming unpublished)

Use of Pathogen on Luawns.—There was much public enthusi-
asm in the use of spore dust to conirol the grubs in lawns on
private premises, but misinformation about the pathogen was
widely spread. To provide valid information for the public, Hadley
{1548} and Fleming (19261} discussed the nature of the bacterium,
the application of spore dust, and the control of the grubs that
could be expected. |t was pointed out that several factors were in-
volved in the establishment and buildup of the oreanism and that
several years might clapse before adequate control of the grubs
was attained. Both these authors and Adams and Wheeler {1856)
recommended that when grubs were very abundant and it was
imperative to preveat further damage to turt, a guick acting in-
secté}cide such as dieldrin or chlordane should be applied to kill the
grubs.

Bacillus lentimorbus Dutky

The vegetative stage ol Duacillus tentimorbus is similar in ap-
pearance to that of B. popitlice, but the organisms are readily dis-
tinguished morphologically after sporulation. The refractile body
so prominent in spores of . popillice is acking and the spores
are more nearly spindle shaped. The biclogy of bolh organisms is
very simitar, but B. lentimorbus has a more limited range of
temperature for its developmoent. The lower limit scems to be about
60~ and the upper limit about 36 - F. The spoves of A. lentimorbus
are aiso resistaut to adverse conditions. (Dutky 1940)

Infection of the Japanese beclie by £, lentimorbus is largely re-
stricted to firsl- and second-instar grubs. Since the grubs usually
molt before their development is arvrested, a high incidence of in-
fection may appear among thivd-insiar grubs in the fall, At times
85 percent of the third instars were infected. However, the oversll
effect of Lthis pathogen on the grub population is no greater than
that of B. popiliice, which may infect only 15 to 30 percent of the
grubs at that time. Since grubs infected by £. popillice usually die
before moiting, the population of third instars infected by that
pathogen had already becen reduced by previous mortality among
first- and second-instar grubs. In the spring the third-instar grubs
are very resistant to infeeltion by B. lentimorbus. and despite the
large number of spores ingested, few grubs become infected. On
the other hand, since third-instar grubs are highly susceptible to
infection by B. popiilige in the spring, the disease caused by that
organism may develop explosively and many grubs will show
external symptoms of infection at the same time. (Dutky 1963)

Grubs infected by B. lenlimorbus in the late summer and fall
have the same milky white appearance as those infected by B.
pepittive, but appearance ¢f the overwintering grubs in the spring
is distinctly different. Grubs inlected by B. lenfimorbus collected
in March were milky while, but when held at room temperature
they darkened rapidly until 2 or 3 wecks later they became a choco-




BIOLOGICAL CONTROL OF THE JAPANESE BEETLE 63

late brown. Grubs infected by this erganism usually were that color
in the field during Aprit and May. Microscopic examination of the
blood showed that the darkening of the infected grubs was due {o
extensive formation of blood clots, which were brown or jet black,
Although the chocolate-brown grubs were alive and active, the
accumulation of these clots in the appendages blocked the normal
circulation of the blood and produced a gangrenocus condition that
caused the affected parts to blacken. The death of the grubs is
probabiy the vesult of gangrene. When healthy grubs were in-
Jjected with Lhe blood of chocolate-brown grubs and infection de-
veloped, the milky while condition developed rather than the brown
color of the grubs used as inocula,  {Dutky 1940)

The susceptibility of other speeies of white grubs to infection by
£. lentimorbus has been tested 1o a limited extent, Dutky and Dob-
bins {unpublished) infected Anomala orientalis Waterh., Maladera
castenea {Arrvow), and Cyeclocephala borealis Arrow by injecting
spores into the blood, and Beard (1956) infected Sericesthis Prui-
nose (Dalman) in that manner. Beard (1936) found that Aphodius
howitti Hope and Heleronychus sanctae-helonge {Blanch.) were
not affected by injection of spores. Montgomery (184¢) had the
same result with Dermolepida albohirfum Waterh. Tashiro and
White (£1954) found that B2, lentimorbus had a low pathogenicity to
Amphimalion mejelis (Raz.) when spores were introduced by in-
jection or ingestion. However, there are several strains of B, lenti-
morbus. The australis strain injected into the blood infected Ano-
male vrientalis, Aphodius howitti, Heteronyehus sanctae-helenae,
Popillia  japonica, and Sericesthis prutnose, but not Maladera
casltunce {Beard 1956). The Amphimalion strain had about the
same infectivity to Amphimadion majelis by injection and inges-
tion as did the regular strain of . popillice {(Tashiro and White
1954).

Dust containing 100 miilion spoves of B. lentimorbus per gram
was prepared in the same manner as the dust containing spores of
B. popilline {Dulky 19iih, 1942, 1942¢). During 1939-51 over
7,000 pounds of this dust were produced at the Japanese Beetle
Laboratory. Most of the spore dust was used in the cooperative
colonization program in Maryland, but some of it was used to
establish experimental colonies in New Jersey, New York, Penn-
sylvania, Delaware, Virginia, Connecticut, and Massachusetts. The
pathogen beeame established at most of the sites where it was
colonized, and it became dispersed over wide areas by natural
agencies. It was not uncommon to find B. lentimorbus associated
with B. popiiliae in the field. Usually infection by B. lentimorbus
was dominant among the grubs in the faill and early spring and
infection by B. popillice was dominant in the late spring (White
and Dutky unpublished).

Bacillus ewloomarahae Beard

When spores of Bucillus euloomarahae were injected into the
blood, infection developed amoung grubs of Anomala orientalis,
Heteronychus sanctae-helenae, Popillia Jjaponica, Sericesthis prii-
nose, and Maladera castanca (Beard 1936). Amphimallon muajalis
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also became infected by injection of spores (Tashire unpublished).
However, when gtrubs of P. japonive and A. mjalis were intro-
duced into soil mmoculated with the spores, none of them became
infected (Tashiro unpublished).

Bacillus fribourgensis Wille

Spores of Bacillus fribourgensis injected into the blood of grubs
of Popillie jeponice and Amphimallon majelis had a low patho-
genicity to them. VWhen these grubs were introduced into soil
inoculated with the spores, ne Infection developed among them
{Tashiro unpublished}.

Other Bacterial Diseases

The injection of a culture of Dacillus elvei Ches. and Chey., a
bacterial infection associated with European foulbrood of the
honey hee, killed Popitlic grubs within a few days. However, when
the culture of 11 strains of the organism was diluted before injec-
tion, the development of infection among the grubs was not con-
sistent. 1t appearced that the lethal eftect produced by the injection
of the undiluted culture might be due to toxic materials developed
in the eulture medivm durmmg the growih of the organism rather
than to the ability of the organism to multiply in the blood of the
grubs. (Dutky unpublished).

Dutky (1947) isolated a red pignient-forming bacterium, similar
in morphology and pigmentation to Serratic marcescens Bizio,
from infected grubs in 193.4. The injection of 275 to 2.8 million
cells of this organism into the blood of grubs produced clots and
killed the grubs within 3 days. The organism showed no reduced
virulence after continuous culture on artificial media for more than
2 yvears. Grubs dit not develop infection when introduced into soil
inoculated with suspensions of the organism, although S. marees-
cens was causing a high mortality among grubs in stoerage for the
winter. Grubs infected by this pathogen have been found from time
to time in the field.

Rickeltsia Disease

A fatal infection of the grubs caused by Rickettsielly popilline
{Dutky and Geoden) Philip was discovered at Nottingham, Pa., in
1940 (Dutky and Gooden 1252), It has since been encountered in
mrubs from widely separated areas. At some localities large num-
bers of infected grubs were found repeatedly. Most of the recov-
eries were made from Popiilie grubs, but the organism was found
attacking grubs of Phyllephaga anxia LeC. and P. ephilida {Say).
Possibly other species of Scarabacidae may be susceptible to infec-
tion by this rickettsia. Affected grubs have a greenish-blue dis-
coloration ol the fat bodies, which led to the designation of blue
disease.

Popillie grubs were inlected by injecting them with suspensions
of infected blood or with filtrates of these suspensions and also by
introducing them into secil incculated with the suspensions. The
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attempts to isolate and culiure this rickettsia on artificial media
wete not successful, but the organism was maintained by serial
inoculation of grubs. Preliminary studies indicated that R6° F. is
about the upper limit for its development. The threshold tempera-
ture has not been determined. Attempts to colonize the organism
in the field were nof successful.

SUMMARY

The Japanese beetle (Popillia jeponica Newman) was discovered
in southern New Jersey in 1916. Prior to that time it was known
to oceur only on the main islands of Japan, where it is not con-
sidered to be an important economic pest, probably because its
natural enemies keep it under control. In New Jersey it found a
generally favorable climate, large aveas of turf for the develop-
ment of the immature stages, almost 300 species of plants to satisfy
its voracious appetite, and no important natural enemies.

The insect-feeding birds, small terrestrial mammals, and the
few predaceous and parasitic insccts indigenous to the Eastern
United States were not able to cope with the twentyfold to thirty-
fold reproductive potential of the beetle. It spread rapidly in its
new environment and scon became a threat to American agricul-
ture. The adults seriously damaged orchard crops, certain field
crops, and ornamental trees and shrubs. The grubs destroyed large
areas of turf and damaged the roots of some cuitivated crops.

Foreign Preduceous and Parusitic Insects.—A search for ef.
fective predaceous and parasitic insects during 1920-33 in Japan,
Korea, China, India, Formosa, and Australia disclosed that (1)
adult beetles of the genus Popillic and related Scarabaeidae were
parasitized by 7 species of Tachinidae and 1 species of Pyrgotidae;
(2) the grubs of these species were parasitized by 2 species of
Tachinidae, 2 species of Scoliidae, and 52 species of Tiphiidae; and
{3} both stages were attacked by 1 of the Carabidae. The life his-
tory and habits of the more important parasites and a predator in
the Far East were studied to evaluate their potential effectiveness
in controlling the beetle in the United States.

The predator and the parasites that appeared most promising
for control of the bectle were collected in their native habitats in
the Far East, or reared there, and shipped to the United States.
Methods had to be developed for rearing them and containers had
to be devised for shipping them. The dipterous parasites with a
long pupal period were sent in the pupal stage, but those with a
short pupal period were forwarded as larvae within their living
host. The hymenopterous parasites were shipped in the cocoon
and acdult stages. The coleopterous predator was sent in the adult
stage. A total of 1,771,310 predators and parasites were shipped,
including 1,185,963 Tachinidae, 483,593 ‘Tiphiidae, 62,972 Sco-
liidae, 21,482 Pyrgotidae, 16,450 Carabidae, and 900 Ithonidae.
Of these insects, 1,610,817 were shipped for control of Popillia
jeponica, 154,258 for control of Maladera castanea {Arrow), and
6,235 for control of Ancmale orientalis Waterhouse. Since all the
Tachinidae, Pyrgotidae, and some of the Scoliidae and Tiphiidae
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were forwarded in their immature stages, methods had to be de-
veloped for holding them until the adults emerged and conditions
were suitable for their liberation in the fieid.

The establishment of a foreign predator or parasife in a new
environment is a slow tedious process extending over several years.
Most species were not able to adapt themselves to their new en-
vironment. However, five parasitic species were known to have
been established. Hyperecteinu eldrichi Mesnil was colonized at
55 sites in 12 States and the Distriet of Columbia. it was found at
59 percent of the sites surveyed in 1937 and at 43 percent of them
in 1980, Dexzille ventralis Aldrich was released af 17 sites in six
States and Prosenq giberite {Fabricius) at 5 sites in two States,
but each of these parasites was recovered at only 1 site. The
Japanese strain of Tiphia popillicvore Rohwer was colonized at
716 sites in eight States and the Korean strain at 51 sites in eight
States; the former was found at 51 percent of the sites surveyed
in 1937 and at 47 percent of them in 1950 and the latter was re-
covered at 36 percent of the sites surveyed in 1950. Tiphia vernalis
Rohwer, the most effective of these parasites, was colonized at
2,027 sites in 14 States and the District of Columbia, A survey of
351 sites in 1937 and 423 sites in 1950 showed that this parasite
was well established at 84 and 63 percent of them, respectively.

The survival of these foreign parasitic insects in the United
States is depenclent to a large extent on having a suitable supply
of food for the adult flies and wasps and an adequate population
of the beetle. The aduits of Hyperecteina aldrichi, Dexilla ventralis,
and Tiphia vernaiis feed on honeydew and nectar, whereas aduits
of T. popillivvore teed at the blossoms of wild carrot and Prosena
siberite adults at various blossoms. H. aldrichi, T. popilliavora,
and 7. vernalis parasitize only Popillia jeponice in this couniry;
D. ventralis and P. siberita havine a variety of hosts in the Far
East might patrasitize some other species of Scarabaeidae here.

Entomogenous Biseases.—The most important diseases of the
Japanese beetle in the United States ave the infections of the grubs
caused by the parasitic nematode Neoaplectana glaseri Steiner and
by the milky disease bacteria Bgeillus popilliae Dutky and B. lenti-
morbus Dutky.

Grubs infected by the nematode were found in the spring of
1929 at Haddonfield, N.J. Although a search for the nematode was
made in other parts of New Jersey and in Pennsylvania, it was
not found at that time in any other arez. Since the nematode
attacks several species of white grubs, it is probable that its normal
host was some other species of Scarabaeidae and that it had
adapted itself to the Japanese beetle.

[t was demonstrated that the nematode can be established in an
area where it does not occur naturally, and when so established
can cause & high mortality of the grubs. The most critical environ-
mental factor is scil meisture. The nematede can not withstand
desiccation. The nematode maintained itself for 14 years with a
grub population of less than five per square fooi; it survived for
114 years in the absence of a host.

Methods were developed for rearing the nemas in large numbers
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on artificial media. During 1940-46 it was colonized at 3l4-mile
intervals throughout New Jersey and at 100 sites in Maryland.
INO surveys were made to determine at how many of these sites it
became established. Although Neouplectana glaseri is not effective
under so wide a range of conditions as is milky disease, in 2 suit-
able environment it is a worthwhile parasite of the beetle.

Bacillus popillice, the most common of the milky disease com-
plex within the area infested by the beetle, was investigated more
extensively than B. lentimorbus. Thirteen species of Scarabaeidae
were found infected by this pathogen in the field; 15 species be-
came infected by teeding in soil inoculated with spores of the
pathogen; 51 species became infected by injection of spores into the
blood; 10 species did not become infected by feeding in inoculated
soil; and 4 species did not become infected by injection of spores,
There are many strains of this bacterium. A strain developed in
grubs of one species may have a aigh or low virulence to grubs of
other species. The incidence of infection among grubs is a graded
response {o the concentration of spores in the soil.

The vegetative stage of the bacterium is killed by exposure to
sunlight, heat, or cold, but the spores are very resistant to adverse
conditions and may remain viable for many years, ready to infeet
successive generations of grubs. In the absence of a practical
method for the propagation of Bacillus popillice on artificial media,
& process was devised for producing the spores in the blood of the
grubs and incorporating them in a dust for storage and distribu-
tion in the field. The spores were colonized extensively during
1939-53 in 14 States and the District of Columbia. It was estimated
at the conclusion of the colonization that over 244,000 pounds of
spore dust had been applied at over 160,000 sites.

Assays of the soill at 95 sites in six States and the District of
Columbia during 1960-63 showed that Bacilius popillice oceurred
at all the colonized turf sites and was well established at about
one-third of them. {t had spread naturaily and had developed to a
level where adequate control of the grubs could be expected in
one-fifth of the uninoculated pastures within 1 or 2 miles of an
inoculated site. It had spread naturally into uninoculated cultivated
fields, but the populations of spores were low.

Status of Beetle in Older Infested Areu.—In the 270 square
miles in southern New Jersey and southeastern Pennsylvania occu-
picd by the Japanese beetle in 1921, the annual beetle populations
increased in magnitude and importance until by 1929 it was esti-
mated that there were more than 500 million beetles per square
mile. As the foreign parasitic insects became established and the
incidence of disease among the beetle population increased, the
density of the anpual populations declined progressively until by
19-i5 the beetie occurred only at isolated sites throughout the area.
It has persisted at many of these sites, but usually the populations
are relatively small. This cycle of the rise and decline of beetle
populations has been repeated with modifications as the beetle
invaded new areas. Thus adequate hiclogical control of the beetle

hgs been attained in much of the area occupied by the insect in
1964,
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