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Studies on the lMilky Disease of Japanese Beetle Larvae 

INTRODUCTION 

I n  recent years, the milky disease of Japanese beetle larvae has 
become one of the most widely ltnown of the biological control meas- 
ures in the fielcl of entomology, and its successful use by the Bureau 
of Entomology and Plant  Quarantine of the Unitecl States Depart- 
ment of Agriculture and cooperating state agencies has been welcomed 
by an enthusiastic public. 

The  propagation and artificial disseiniilation of \ the causal or-
ganism of the disease have been conducted on a. wide scale as a result 
of early work which demonstratecl the feasibility of such methods in 
reducing the population of Japanese beetle grubs in tested areas. 
Studies on some of the fundamental biological aspects of the host- 
parasite relationship have been largely neglected. The work reported 
here is an  effort to explain some of these relationships, particularly 
those concerned with the mode of infection, the pathogen~city of the 
disease organism, and the factors which aflect the bacterium and its 
transmission from host to host. Many aspects of the disease have 
not been completely elucidatecl, ancl some of the problems discussed 
need further experimentation before definite conclusions may be 
drawn. It is hoped, however, that  some questions mill be raisecl which 
will serve to stimulate other investigations. 

BACKGROUND AND REVIEW OF LITERATURE 

Discovery 

Smith and Hadley (36) reported that observations made* i n  1921 
indicated the susceptibility of Japanese beetle larvae to certaln dis- 
eases, presunlably caused by bacteria, fungi, or protozoa. I n  1936, 
Hawley and White (2.5) reported that  cliseased larvae were frequently 
found in the fielcl ancl that,  due to disease, mortality was somet;imes 
very high among grubs kept in  cold storage for experimentalppur- 
poses. They clirlded the numerous maladies encountered into three 
groups : the black group and the white group, both caused by bac- 
teria, and the fungus group. They concludecl that  the black group j
was the most prevalent. Later, Hadley (23) found the white group 
to be more abundant, being present a t  most of the places longest in- 
fested by the Japanese beetle, although absent in  areas more recently 
infested. H e  stated that the diseases in the white group were clue to 
two, or possibly three, similar but distinct organisms. White and 
Dutkp (47) demonstratecl that  in this white group, two in particular 
mere the most prevalent ancl were clesignaterl as Type A and Type B 
milky disease. The maladies were so named because the infected blood 



of the larvae beconies chalky white in color tlue to the presence of 
great numbers of bacterial spores. Two different spore-forming bac- 
teria were foulit1 to be the causal i~gellts whic11 Diltky (12) described 
tint1 nn~iietl Bucillzrs poyilline for Type -1anrl Bacillus ler~tintorbus for 
Type B. I n  acldition to establishing the etiology of these two dis- 
eases, 1)utlry cliscussed the effects of temperature on the development 
of the organisms and clescribecl attel~ipts to cult~rre the bacteriti on 
artificial media. Altllough vegetative forms of U. popilliae were ob- -
tained, no culture media were found upon which the bacteria would 
sporulate. Since this work of Dutlry,. publishe(1 studies liave been 
limited to tlie Type A orgt~nisni.I?. pop77l7ne. 

Development of Method for Use of Unc.;llus pop.ill.ine in the Field 

I n  tlle t~bsence of any artificial culture liiedia upon which tlie bat-
teria could be procluced, the Bureau of Entomology hnd Plant  Quar- 
antine developecl a process for obtaining the spores from the beetle 
grubs themselves ancl incorporating thelii in a dust mixture for stor- 
age ancl fielcl clistribution. This process was described by White ancl 
Dutky (47, 48) and in greater detail by Dutky (15). l n  brief, the 
process is as follows: Third instar grubs are inoculated with :L lmo\vll 
dose of spores (usually one million per grub) and incubated until 
the disease develops. The infected grubs are then ground up, the 
spore content is determined, and the mixture is used to impregnate 
talc. This material is then reground ancl clriecl. The final dust prod- 
uct is standardized to contain 100 million,spores per gram of dust. 

White and Dutky (47) reported that  this spore dust as well as 
living inoculatecl grubs, spore suspensions ancl infectious soil could 
be used in establishing disease among grubs developing naturally in 
the fielcl. Their experiments on various dosages and intervals of ap- 
plication denionstrated that dosages of about 25 million to 1,300 million 
spores per square foot, made continuously and in spots, resulted in 
successful establishment of the disease. These \vorlrers suggested that 
the spread of the disease is naturally accomplished by birtls, insects, 
slrunks, moles ancl mice. Langford, Vincent and Cory (26) have 
shown that the aclult Japanese beetle, too, may be responsible for the 
spread of the disease. 

As to the effect of introducing the bacterial spores into fiekd pop- 
ulations of grubs, White (44) presented data showing that in one 
treated area, in West Chester, Pennsylvania, the grub population de- 
clined from 39.5 grubs per square foot on September 2. 1938 to 11.0 
per square foot on June 12, 1939, while the incidence of disease in- 
creased from 4.0 per cent to 43.9 per cent. I n  a nearby untreated area, 
the population declined during the same period from 39.3 grubs per 
square foot to 13.6, ~ v l ~ i l ethe disease increased from 7.6 per cent to 
30.4 per cent. A check area, a t  a greater distance from the treated 
area, (luring the same time interval, showed a decline of from 45.5 to 
26.5 grubs per square foot. but practically no disease was found. I n  
these areas, the 1939 population was greatly recluced by drought, but 



the disease persisted and was recovered as fa r  as 500 yarcls from the 
original treated area. White further reportetl the persistence of the 
milky disease in field plots in spite of abnormally extreme weather 
conditions of cold, wetness ancl dryness. White ancl Dutky (47) 
stated that larval reductions of over 90 per cent had been demon- 
strated in certain fielcl plots during a single season. One case cited 
was a t  Cape Charles, Virginia, where the larval population .was re- 
duced from an average of 121 to six healthy grubs per square foot 
during the period from July  to September, 1939. (The number of 
diseased grubs present, if any, on the latter date was not mentioned.) 
I n  the corresponcling checlr area, 74 healthy grubs per square foot were 
present a t  the encl of that period. Two other surveys of treated 
areas were reported by White (45). One, a t  Springfield, Kew Jer -
sey, showed a decline of from 40 grubs per scluare foot on September 
1, 1939 to 5.4 per scluare foot on June  29, 1940, during \vhich time the 
disease increased from 19 per cent to 60 per cent. The  other survey, 
made a t  Perry Point, Rlarpltlnd, showed a decline of from 37 grubs 
per square foot on August 24. 1939, to 6.3 per square foot on dune 17, 
1940, while the incidence of disease increased from 4 per cent to 67 
per cent. 

Further Applications of the Method 
The studies just mentioned constituteel the preliminary ~vork upon 

which was based the spore-rlust clistribution program of the Bureau 
of Entomology and Plant  Quarantine ancl the cooperating agencies of 
those states most severely infesteel by the Japanese beetle. 3lost of the 
spore clust has been produced a t  the Moorestown, New Jersey, labor- 
atory of the Bureau of Entomologv and Plant  Quarantine, t l ~ e  vari- 
ous states assisting to a greater or lesser extent by supplying grubs 
for  inoculating anel processing or  by supplying diseased grubs for pro- 
cessing (White and Dutlry, 48). 

The manner of tield distribution mas basecl upon the c~~nclusion 
of M7hite and Dutky (48) that  "if two grams of standardized spore 
dust is appliecl per spot.  . . . . a t  intervals of ten feet, where a moclerate 
to heavy larval population occurs, the organism \vithin three .larval 
feecling seasons will be distributeel throughout the untreated p$rtions 
by local ~nigration of the larvae". The general clistribution program 
has been outlined by White ancl Dutlry (48) and White and JIcCabe 
(49). A number of states have reportecl in more or  less detail upon 
their share in the program. Among these are Connecticut (Garman, 
Schreacl, Brigham ancl Smith. 22; Garman, Brigham, Schreacl and 
Smith, 20, 21; Schreacl, 33), Delaware (Stearns, Fassig ancl Beacher, 
40; Chacla, Ditman and Daigh. 7 : Rice, 32). Rl,zrylancl (Cory, 8;Cory 
ancl 1,angford. 9) ,  New Yorlr (Smith. 34; Smith ancl Daniel. 35; 
Wheeler, 41, 42: Buchholz, 5 ,  6: Wheeler and Arlanis. 43), Pennsyl- 
vania (Light. 27). Rhode Island (Eddy, 16), ancl Virginia (French, 
19). Most of these reports describe the nlethocl of field treatment 
used in the respective states and sun~~n:lrize the locations treated and 
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amounts of inoculum used. The papers of Cory (8)) French (19), 
Smith (34)) and TVheeler and Adams (43) include a discussion of the 
Japanese beetle problem and the general nature of the inilky disease as 
tb control measure. 

h limited a ~ n o ~ i n tof fielcl experimentation has been clone since 
the preliminary work discussed above, upon which the fielcl distribu- . 
tion program was based. Wheeler (41, 42) treated field plots with 
spore dust in a dosage series for comparison with untreated plots. 
Although clata were not given for  each closage, 'summaries were given 
for the populations present ancl the incidence of disease for three 
generations of beetle grubs : 1940-1941, 1941-1942 (TVheeler, 41) and 
1942-1943 (JTThecler, 41, 42). A comparison of his data indicates that,  
for the three generations, the population of grubs, presumably a t  
about the same time each year, was eight, ten, and 3.5 grubs per square 
foot in the untreated plots while i t  nras five, seven, and 2.4 per square 
foot in the treated areas. The incidence of disease for the three gen-
erations was 0.5, 12 and 39 per cent, respectively, in the untreated plots 
and 21, 41 ancl 40 per cent in the treated plots. I t  ~ v a sobvious that,  
by the third year, the disease in the untreated (but adjacent) plots 
was as extensive as in the treated plots. Within the one generation, 
1942-1943, the population declined from 29.9 grubs per square foot 
to 3.5 grubs per scluare foot in the untreated plots, ancl from 20.6 to 
2.4 in  the treated plots (IVheeler, 42). Wheeler and hclanls (43) re-
ported further clata for New P o r k  State, indicating significant dif-
ferences in incidence of disease anlong grubs in treated and untreatecl 
areas. 

Data presented by Garman, Brigham, Schread and Smith (20) 
for Connecticut, sho~vingpopulations in three treated areas and four 
untreated areas for  from one to three years, indicated no well-defined 
population trcnds, biit a definite build-up of the disease was.noted the 
third year. I n  1943, Schreacl (33) observed a decreased incidence of 
disease in the fall as compared to  that  in the spring in spite of an 
increase in the fall grub population. H e  attributed this to less favor-
able soil temperatures encountered i'n the fall. J 

' Hawley ancl Dobbins (24)) in summary form, have credited the 
milky disease with being one of two major agencies responsible for  
declines in Japanese beetle populations over a period of years, ,the 
other agency being summer droughts. 

The scope of the distribution program may be indicated by the 
following summary of the number of sites treated, acres treated, and 
pounds of spore dust used, quoted from the report of White and Mc-
Cabe (49). 
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Number 
of sites 

Number of 
acres 

Pounds  of spore 
dus t  used in 

treated treated treatments 

Connecticut 
Delaware 
District of Columbia 
Maryland 
llassachusetts 
New Jersey 
New York 
North Carolina 
Ohio 
Pennsvlvania 
~ h o d eIsland 
Virginia 
West Virginia 

These data stun~marize t.he colonization worlc dbne from 1939 
through 1942. Di~t~ributionwork clone since 1942 has not been com- 
pletely reported. 

The magnitude of the distribution program may be appreciated if 
the data for 3farylancl alone, which has been treated more heavily 
than any other state, are considered. Langforcl (personal coinmuni- 
cation) has estimated the total amount of spore dust used in  Maryland 
from the time the worlc mas started through 1944 to be about 62,500 
pounds. This represents a total of about 2,836,952,673,125,000 spores, 
which, if spreacl uniformly over the entire land area of RIaryland, 
woulcl pro~icle each square foot mith over 10,000 spores. Rut. in aclcli- 
tion to this qnantity, Ilarpland (Cory ancl Langford, 9)  has also ap- 
plied 13,025 pounds of inoculated soil? the spore content of which was 
not stanclardizecl. 

I n  addition to the gorernment sponsorecl distribution of spore 
dust, private incliricluals t h r o u ~ h o n t  the beetle area have treated lo- 
cal areas, purchasing commercially preparecl dust. The method of 
spore dust preparation is protected by I T .  S. Letters Patent No. 
2,258,319. issuecl to the Secretary of i\griculture. who may license in- 
dividuals or  concerns to produce and inarlcet this biological material. 
Several such licenses have been granted. ancl the spbre dust is oq the 
market under various trade names. . 1 

This is not the first time that  such a biological material has been 
commercializecl for the control of turf-feeding insects. I n  1891, 
Marlatt (28) reported tha t  a Paris  firm, Fribonrg & Hesse, produced 
the funglls Botrytiv t e n ~ 1 k  (Eecct~~eria dema Llc. Vuill) on artificial 
media "upon a vast scale". The spores mere sold in tubes to agricul- 
turalists for the control of white zrnbs. Trial tubes were advertised a t  
.50 centimes, while the commercial package cost six francs. I n  use, 
the contents of the tubes were scatteretl over the boclies of white grubs 
contained in an earthenware vessel. the bottom of which mas covered 
mith earth. The grubs became diseased in s i s  hours. when they were 
taken out of the container one bp one ancl placed a t  a clepth of about 
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20 centimetres in different parts of the field to be treated. These dis- 
eased grubs were supposed to serve as foci of infection for the natural 
grub population. Apparently, business in the sale of these fungus 
spores flourished for a while but the clisease did not develop in the 
fielcl as esbectecl ancl, after a few years, nothing more was said about 
it. 

There is no cloubt that, in magnitude, the use of the milky disease -
organism will fa r  exceed that  of any other entomo~enons bacterium or 
fungus, even including d'IIerelle's bacillus. CoccohacilZ7cs acricZiorum, 
and the chinch bug fungus, Beauverb gZobuZifera, which were wide- 
ly clisseminated artificially during the latter years of the past cen-
tury and the early years of the current century in attempts to control 
grasshoppers and chinch bugs in the Middle West. (Review by Smith, 
37) -

i 

Biological Studies 
The work on the production of the milky disease bacteria and 

their dissemination in the field has largely taken precedence over 
studies on their fundamental biological relationships to the host in- 
sect. Dutliy (14) has describecl techniques for handling the spores 
and n u b s  in testing the value of the disease and has reported (Dutky, 
13) that a number of scarabaeid larvae other than the Japanese beetle 
are susceptible to the disease. amon9 them heinq Anomaln ori~?ztn7i~. 
Autosericn cnstnnca, Cvclocephn7n (Ochrosidia) borealis, Ph?yZZophnga 
anrin. P. bipnrfitn, 1'. ephilidn. P. f?13~ca,P. mcgosn, S t r i~odem~ut  
arborico7a ancl Striqoclerme7Zn p?/r/mnen. He  found MacrocZocty7rtsr 
subspinon~snot suscentible, whereas conflictinc statements were made 
regarclinz Cotinis nitirln. White (46) considered the possibility of 
antagonism between millcy disease and Tiphia parasites of .Tapanese 
beetle pl.nbs, and found that  the parasites could complete their cle- 
velopment on hosts infected with milky d is~ase  and that  the disease 
apparentlv has no effect on mortality of Tinhia larvae within the 
cocoon. He thus conclncled that  these two biological control- agencies 
are compatible within the same area. 

Beard (2) found that the incidence of milky disease bore a aefinite 
relationship to the dosage of spores whether injected into th 'body 
cavity or ingested by grubs feeding in contaminated soil. d e  also 
presented evidence which indicated some resistance to the clisease un- 
der certain conditions. 

THE CAUSAL ORGANISM, BnciZZus poT/iZZiae DUTKY 

Dutlqr (12) has described RaciZ71is popillhe, ancl i t  is sufficient 
for the present discnssion to point out that  the vegetative form of the 
bacterium is a slender, nonmot'ile rod (Fiqure 1) and that  the spore 
form has a very cha.racteristic shape. The entire spore-structure is 
pyriform to spindle-shape (Figure 2, A) ,  consistina of a, sporangium 
conta.ininp an endospore and a refractile bocly. When stained by a 
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FIGURE Photomicrograph of vegetative rods of Bacillus popilliae. (Large1. 
structures are blood cells of beetle grub.) X 1500. 

carbol fuchsin spore stain, the endospore alone remains prominent 
(Figure 2, B). I n  unstained preparations, the esternal protoplasm 
is only faintly visible, ancl the prominent enclospore ancl refractile 
body are so placecl as to suggest a footprint in outline (as indicated 
by arrow in Figure 2, A).  Because of this characteristic shape, the 
spores of B. popilliae may be distinguished from other bacteria or 
debris with reasona.ble certa.inty. 

FIGURE2. A. Nigrosin preparation of spores of Bacillus popilliae. (Arrow 
points to footprint shape characteristically seen in unstained smears.) X 1000. 

B. Spores of Bacillus popilline stained with carbol fuchsin. Large 
object is blood cell of beetle grub. X 1000. 
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THE HOST, PopiZlia :jnponica NEWM. 

The Japanese beetle and its larva are so well lrnown that  little 
need be said in regard to its description or habits. I n  brief, the life 
cycle of the beetle is  as follo~vs: The adult beetles emerge from the 
ground during the summer. beginning about June  20 in  southern Con- 
necticut, ancl are active for  about eight weelrs. The beetles mate and 
the females fly to turf areas, where they deposit eggs in the upper par t -  
of the soil. The young grubs which emerge then feed on the grass 
roots ancl in their cleveloprnent molt twice before the onset of cold 
weather; when the grubs go clown a few inches in the soil for  minter 
protection. I n  the spring. the grubs approach the surface and again 
feed on the plant roots. After feecling for sereral weeks, the grubs 
pupate, and shortly thereafter the adult beetles emerge. There are 
thus two feecling periods for  the grubs-the clevelopmental period in 
the late summer and fall and the period in the sprihg prior to meta- 
morphosis. Both of these are important in connection with the milky 
disease ancl its development. 

MODE OF INFECTION OF RncQZus popQZide 

Invasion Route of the Bacterium 

The nature of the lnillry clisease is that  of a bacteriemia, since the 
bacteria develop, probably exclusively, in the blood of the beetle lar- 
vae. The mode of infection, then, involves the transfer of the bac- 
teria from the exterior into the hocly cavity of the grab. Dutlry (12) 
pointed out that the disease can bc artificially inrluced by hppoclermic 
inoculation of the spores of Bnci7Z1r.s popi77iue. This, of course, places 
the bacteria, directly in the n~eclium in which they nornlally develop. 
When the rlisease is acquirecl natnrallp, the bacteria must reach the 
blood indirectly. as the hocly cavity is bounclecl externally by the 
integnment ancl its tracheal invaginations and internally by the ali- -
mentary tract and cliverticnla. 'This means that the hncteria must 
actually penetrate the integument (or  trachea) or the wall of the ali- 
mentary tract (or  its diverticula). (See Figure 3 ) .  Although no 
experimental proof has been given, i t  has generally been assumed that 
the bacteria in the spore stage are ingested by the p u b  as i t  ffeds on 

3.FIGURE Diagrammatic longitudinal section of Japanese beetle grub, showing 
alimentary tract in white and body cavity in black. Arrows indicate routes of bac-
terial invasion to be considered. 



il!orle of Infection, of Bacillcis popilliae A13 

grass roots or other plant material ancl that  infection is thus via the 
alimentary tract. 

A single experiment delnonstrates that this assumption is correct. 
The mouths of a group of grn l~s  were sealecl with a synthetic resin, 
and the grubs were incubated for  17 days in soil containing sufficient 
bacterial spores to cilllse tlisease in approximately 60 per cent of un-
treated grubs. None of t!le grubs with mouths sealed contracted the 
disease, indicating that the normal invasion of the spores is not by 
penetration of the integunlent or tracheal walls. .The fact that indi- 
vidual, isolatecl, grubs may becolne infected when exposed to contam- 
inated soil is further evidence of bacterial invasion via the alimentary 
tract, as is the fact that  the clisease call be induced by oral injection 
of spores. 

There remains, howerer, the possibility of entrance df the bacteria 
through open wouncls such as might be caused by the nipping of other 
grubs when growing uncler rery cro\rdecl conditions. This was 
thought by Hawley ancl White (25) to be the principal rnanner in 
which larval diseases in general were transmitted. This is contra- 
dicted by two tests. I n  one, two groups of grubs were incubated for  
17 clavs a t  78" I?. in soil containin~r fire concentrations of mores in  a 

L> 

dosage series as previously clescribecl (Beard, 2). I n  one group, the 
grubs were woundecl by snipping the integumeat with scissors. The 
grubs in the other group were left intact. L\ltl~ough mortality of the 
wounded grubs was too high to permit satisfactory analysis, the sur- 
vivors s h o ~ ~ e d  an inciclence of clisease no greater than the intact grubs. 
The second experiment serrecl to compare the inciclence of clisease 
amone prnbs rearecl under isolatecl conclitions and uncler collclitions " "  
allowing contact among the grubs. These two groups of grubs also 
were incubatecl for  17 clays a t  78" F. and in soil containing five con- 
centrations of spores in a closage series. I n  one group, the grubs were 
indiriclually separatecl fro111 each other by metal barriers anc1,in the 
other group, no  such separations were proricled. The quantity of soil 
provided in both groups was one cubic inch per grub (= population 
of 144 grubs per square foot if grubs are a t  one feetling level not..ex- 
ceeding one inch in clepth). The inciclence of clisease resnlting, a+ in- 
dicatecl in Figure 4, clid not dift'er appreciably in the two groups. The 
slightly greater amount of disease among the grubs not isolatecl is not 
statistically signiticant, but i t  is possible for a seconclary infection to 
occur among grubs thus reared. That  is, \vhen a 11ealt~hy grub bit? 
a diseased grub, thereby getting a mouthful of bacteria-containing 
blood. i t  mav become infected. I n  onc test in which healthv grubs ./ D 

were ictuall; observed to bite diseasecl grubs and then incubated in 
sterilized soil, 54 per cent of the biting grubs became infected. Thus, 
when grubs are reared uncler conclitions allolvincr contact with each 

D n 

other, there is the possibility that those grubs first beconling diseased 
may infect other grubs by being bitten. 

-


i 
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4.FIGURE Incidence of disease among grubs incubated in isolation and among 
grubs not isolated. 

Infective Form of t h e  Bacterium 

There seems to be no doubt that the natural mode of infection is 
by way of the alimentary tract. The nest question to be answered is, 
do the bacteria reach the blood from the gut as spores, or d e  they first 
germinate and enter the bloocl as vegetat~ve forms? 

One experiment demonstrates that the vegetative form may. reach 
the bloocl. It was mentioned above that healthy grubs may become 
infected by biting diseased grubs. ' I f  healthy grubs are allodred to 
bite diseased grubs containing only vegetative forms of the bacterium, 
the disease may be induced in the healthy grubs. Because of the 
promptness with which the infection appears in the biting crubs, it is 
reasonably certain that the bacteria do not first sporulate In the gut 
and enter the blood in that form. It should be stated that not all 
grubs become infected after biting diseased larvae. Enough positive 
cases have been observed, however, to establish the fact that the dis- 
ease may be transmitted by the vegetative bacteria. 

Although this test indicates that the rods may reach the blood of 
the host, i t  does not prove that spores cannot reach the blood from 
the alimentary tract. Frequent obser~ation of the blood of grubs 
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exposed to soil containing bacterial spores indicates tha t  the first evi- 
dence of infection is the presence of vegetative forms, and not spores. 
Although this is by no means conclusive, i t  suggests that the spores 
germinate before reaching the body cavity. The following experi- 
ment serves to support this. 

A group of grubs, known to be free from disease, was allowed to 
feed for 36 hours in soil containing a high concentration of bacterial -
spores. The grubs were then removed trom the soil and placed in- 
dividually on moist filter paper in Syracuse watch glasses. Half of 
the grubs were then incubated a t  a temperature of 78" F. to serve as  
controls. The other grubs were incubated a t  a temperature of 66" F. 
A t  this temperature the bacterial spores germinate very slowly, but the 
grubs are not inactive. It was believed that, if the spores were pas- 
sively carried into the body cavity by the visceral activity of the grub, 
they could be recovered in the blood before they germinated. I f ,  on 
the other hand, the entrance into the blood required the activity of 
the vegetative bacterium, assuming that  the spore is itself inactive, no 
evidence of the disease would be seen within the time limits set up. 
Thirty-six hours later the grubs were examined. Of eight control 
grubs, five shonred the presence of the disease, indicating a reason-
ably high rate of infection. Of nine grubs incubated a t  G G o  17.. none 
showed the presence of bacteria in the samples of blood examined. A 
second examination made two days later indicated no change. Al-
though a few spores present in the blood coulcl easily escape detection 
when only a drop of blood from a grub is examined, the results of this 
test are in line with other observations, and i t  seems reasonable to 
conclude that  the normal mode of infection is for  the spores to germi- 
nate within the gut  or  its diverticula and the bacteria to reach the 
blood in the vegetative form. 

Localization of the Region of Penetration 

The problem of localizing the point or areas where t,he bacteria 
penetrate the gut  to reach the blood is a difficult one, and first involves 
a consideration of the morphology of the alimentary tract, which is 
illustrated in  Figure 5. 

The esophagus is relatively short, dilating to form a simple cfop. 
The rentriculus is a straight tube from \\~hich arise three circle$ of 
caecal diverticula. The  first circle, a t  the anterior end of the ven- 
triculus, consists of short, blunt pouches, irregularly furcatcd. The 
caeca of the second circle are conical in shape, as are those of the third 
series. The latter caeca, however, are relatively short on the clorsal 
side of the rentriculus and become progressively longer toward the 
ventral side. These are directed anteriorly, usually more or less ap- 
pressed to the gut. The hind gut  is inarlred by three regions reflected 
upon each other in a Z-configuration. The anterior portion of the 
hind gut  tapers posteriorly to its junction with the anteriorly directed, 
greatly enlarged, rectal sac. The third portion, the rectum proper, 
is directecl posteriorly, where i t  opens to the exterior a t  the anus. 

.4 
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IALPlGHlAN 

T U B U L E S  V E N T R I C U L U S  ANTERIOR 
L H I N D  GUT 

R E C T A L  

- SAC 

L a t e r a l  a s p e c i  

5.FIGURE Diagram showir~g structure of alimentary tract of third instar Jap-
anese beetle larva. 

Two pairs of Rlalpiphian tuhnles arise from the anteri or region of 
the hind gut: not  f a r  baclr of the thircl circle of gastric caeca. These 
tubules are  long, looping anteriorly as fa r  as the anterior region of the  . 
ventriculus. .-

The gu t  wall is certainly not a seive-like structure through which 
bacteria may pass a t  will. The gu t  and, in  partic~ilar,  the rectal sac, 
normally contains great numbers of bacteria ancl protozoa. At, least 
some of these bacteria are very lethal when they reach the bod cavi-
ty  of the grub. This  can readily be slio~vn, for the grubs canno 5 toler-
ate any injury t o  the gu t  tha t  permits the escape of the gu t  bacteria 
into the blood. Allso, ~f these bacteria are cul t~~r-et l  5 ---on nutrient agar 
ant1 inoculatecl into the bloocl of healthy grubs, lethal effects usually 
result within 24 hours. Since these bacteria are f:ir more virulent in 
the insect bloocl than the milky disease orpanisnl, and many of them 
:)re sm:iller in size, it follows tha t  the niechanism of infection is one 
of selection, whereby B. popillin penetrates into the blood-but other 
bacteria are esclurled. This  is not without a counterpart in  vertebrate 
~~a tho logy ,for  typhoid- ancl tuberculosis-causing organisnls may pene- 
trate the intestinal \\-all of humans, ~vliile otlier bacteria resiclent in  
the alimentary tract are unable to  do so. 
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The presence of these nat~iral ly occurring bacteria in the gut  
makes the detection of the site of spore germination impossible by 
observational means. The spore, because of its characteristic shape, 
may be detected with reasonable certainty, but the vegetative rod can- 
not be satisfactorily clistinguished from other rocl-shaped bacteria 
com~nonly founcl in the gut. 13sperimental methocls must then be 
used to localize the p t  region ~vllere penetration of the bacteria oc- -
curs. 

That  there is such a restricted region of penetmtion seems evident 
from the low rate of infection that  attends exposure of the grubs 
to contaminateel soil. It has previously been shown (Beard, 2) that ' 
the rate of infection in a given length of time follows a probit re- 
sponse to the logarithnl of the concentration of spores present in the 
soil in which grubs are incubated. This means that  t l p  chance of a 
grub hecoming infected is a probability phenomenon. While the 
element of chance determines somewhat whether a grub actually in- 
gests any bacteria ol- not, i t  is believed that  if the bacteria co~ilcl pene- 
trate the gut  a t  any point, the dosage-response cur.c7e woulcl have a 
flatter slope. and a, high rate of infection woulcl not recluire such a 
heavy concentration of spores. Also, if the bacteria coulcl penetrate 
;it any point in the gut, enteral injections of bacterial spores shoulcl re- 
slilt in a very high rate of infection. This  is not the case, as has been 
shown (Beard. 8). Extremely heavy closes of spores. even up to 300,- 
000,000 sporesper  grub, injectecl enterally, fail to infect grubs with 
any degree of consistency. I n  many cases, the spores thus injectecl 
(orally) pass throi~gh the alimentary tract \vithont germinating and, 
c-onseqwntl~.~vithoxit infecting the grnbs. 

I n  one series of grnbr injecterl orally with very heavy doses of 
bacterial spores. the anal opening was ligatecl by constricting the 
integument of the 1)osterior segment with threacl. Within two clays. 
the spores were lin~itetl almost entirely to the rectal sac and rectum. 
A number of rriibs living as long as seven to  ten clays after inoc~ilation 
failecl to show any Imcterit~. in their bloocl ancl esainination of the gut  
contents tlisclosecl that  large numbers of the spores were still present 
in the rectal sac and rectum. This woulcl tend to eliminate these,$wo 
posterior ~-egion\ of the intestine as penetration routes of the bac$eria 
into the hlood. I 

Althouph oral injection of bpores cannot be relied upon to infect 
.Japanese beetle larvae with rnillry discase, some grubs niap he infected 
in this 111anne1.. 111 o h o ~ ~ tan eqn:il proportion of cases the disease may 
be inclnced 1)y cntt.ra1 irijectiorir niade anally. When injections are 
macle in this way, the hypodermic neeclle is inserted into the lumen of 
the rectum :is fa r  :~ntcriorly as the jiinction \vitll the rectal sac. 1Aarge 
numbers of spores map thns he introclnced into these posterior por- 
tions of the hint1 grit. Subsequent elissection.; of the gut indicate that  
the injected spores are not limiter1 to these regions. lio\rever, but may 
be found in limited nn~nbers. even in the rentricnl~is. 
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Since both oral and anal injections of spores may cause disease, 
the region of penetration must be reached by both, still assuming that  
there is a single, localized region where germination and penetration 
of bacteria occur. I f  the rectal sac and rectum are excluded as pos- 
sibilities, the most probable site of penetration is somewhere in the 
posterior region of the ventricnlus or the anterior region of the hind 
,wt. 

The problem may be approached in another may, by the use of the 
ligature method. Japanese beetle larvae do not tolerate ligation as 
well as some insect larvae. A large proportion of ligatured grubs 
die within a day, principally due to  a rupture of the gut  and a conse- 
quent liberation of bacteria, lethal when present in the blood. Under 
favorable conditions, a few survive two or  three days, or even longer. 
When grubs are allowed to feed a t  favorable temperatures in soil 
heavily contaminated with milky disease spores, infected individuals 
may be detected in three days by blood examination. The disease 
organism seems to require this length of time to  reach the blood after 
being ingested. Accorclingly, grubs were allowecl to feed for two 
d a y  in  soil containing a high concentration of spores. They were 
then removed from the soil and kept individually in match glasses. 
Ligatures were tied around the grubs a t  various points. On  the third 
day, the blood of the grubs was examined microscopically for  disease. 
Dead grubs, grubs showing contaminating bacteria, and grubs show- 
ing no disease, were, of course. discarded. I n  the successfi~l cases, 
note was made of the presence of the disease anterior or posterior to 
the ligature or both. The grubs were then dissectecl to determine the 
position of the ligature relative to the ~1iment~ar-y The results tract. 
noted are indicated in Table 1. 

TABLE1. PRESENCEOF DISEASEIN EXPOSED, LIGATURED, GRUBS 

Presence of disease bacteria 
Location of ligature Anterior to Posterior to 

li,gature ligature 

2 
1 Behind Malpighian tubule base ++ 

-
-~.n 


3 + -

4 + -
5 + - < 

6 + - .i
7 + 1 
8 + -

9 + -
10. + + (doubtful)
11 At base of Malpighian tubule + -
12 Between Caeca I11 and Malpighian tubule + ' + 
13 Through Caeca I11 + + 
14 Between Caeca I 1  and Caeca I11 + + 
15 + + 
16 + +,17 + + 
18 + -
19 Between Caeca I and Caeca I 1  + -
20 At Caeca I - + 
21 - + 
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The  results observed here are somewhat confusing except in one 
respect. This  test confirms other observations that  the bacteria do 
not germinate in  and penetrate the rectal sac and rectum. For  out of 
ten cases, all but one doubtful one showed no disease present posterior 
to the ligature when this was placed behind the base of the Alalpighian 
tubules. 

The caecal diverticula might seem to be very likely locations for  
the germination and penetrat~on of spores, since in other insects, 
notably the Heteroptera, the caeca serve as the normal habitat of 
bacteria supposed to be of a symbiotic nature. Moreover, the caeca 
have much of their surface surrouncled by the haemolymph. How-
ever, if the ligature tests can be relied upon, the caeca probably can be 
ruled out. I f  the thircl circle of caeca was the site of germination and 
penetration, the presence of disease posterior t o  the ligature in case 12 
and that  anterior in cases 14, 15, 16, 17 and 18 could nbt be accounted 
for. I f  the seconcl circle of caeca was responsible, the presence of dis- 
ease posterior to the ligature in cases 12, 13, 14, 15, 16 and 17, that  
anterior to the ligature in case 19, ancl the absence of the disease 
posterior to the ligature in case 19 are difficult to  explain. No con- 
clusions can be drawn from this experiment regarding the first circle 
of gastric caeca. Ligature experiments are difficult to make on this 
due to t.he prosimity of the caeca to the head re,' 0-ion . 

I f  the wall of the alimentary tract proper is the site of germin- 
ation and penetration, the ligature tests indicate that  the entire region 
from the first circle of caecal diverticula t o  the base of the Mal- 
pighian tubules is favorable, which is contrary to the evidence dis- 
cussed above. 

It should be noted, however, from Figures 3 and 5 that  the loops 
of the Malpighian tub~lles extend throughout this region. I f  the 
Rfalpighian tubules are consiclerecl to be the site of germination and 
penetration of the spores of R.popizke,  many of the difficulties can be 
explained, assuming that  the bacteria entered the tubule prior t o  liga- 
turing and penetrating the wall after the ligature was placed. The  
tubules extend as fa r  anteriorly as the first circle of caeca, where the 
ligature was placed in cases 20 and 21. with no disease resultin; an-
terior t o  the ligature. The absence of disease posterior to the tutules 
in  cases 1 to  9. inclusive, has alreacly been noted. The absence of 
disease posterior t o  the ligature in cases 18 ancl 19 can be explained on 
the basis that  bacteria were present in the anterior regions of the -
tubules but not the posterior. Moreover, the bases of the tubules are 
in a position that  can be reachecl by spores injected both orally and 
anally. The fact that  disease i s  more frequently acquired when con- 
taminated soil particles are ingested than when enteral injections are 
made is possibly due to the fact that  the fluid suspensions in the latter 
case sluice the spores on through the gut, whereas the more solid ma- 
terial passes more slowly by the tubule orifices. thereby giving the 
spores greater opportunity to enter the tubules. 
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I f  the Malpighian tubules clo constitute the invasion route of the 
milky disease bacteria, i t  seems as though incipient cases of clisease 
could be detectecl by examination of the tubules. Tubules in grubs 
allowecl to feed for  a few days in soil containing high concentrations 
of spores have been examined. I n  a very few cases, ~nclividualspores 
have been presumably detected vhen the tubules were macerated. 
This has occurred infrequently enough so that the possibility of con-
tamination must be considered. 

Histologically, the walls of both tlie gastric caeca and tlie ven-
triculus \voiilcl seem to offer a, much greater mechanical barrier to a 
non-motile bacterium than the wall of the J.lalpigliian tubi~les(Fig-
ure 6) .  The former possess prominent columnar cells, with little in-
tercellular space, within the basement membrane. The wall of the 
l\lalpigliian tubule, oil the other hand, consists of a single layer of 

. large cuboidnl cells with obvions intercellnlar spaces, nncl bonnclecl by 
the limiting membrane. 

FIGURE6. Photomicrograph of sections of ventriculus (left, X 380), Mal-
pighian t ~ ~ h u l e(center, X 380), and gastric caecum (right, X 170). .-

One difficulty ~ v i t htlie 1iypotl:esis that tlie penetration route is via 
the tubules is that bacteria ought to be able to go both wags thkough 
tlie ~vall.  But  no evidence has bee11 observecl to indicate tha tk i ther  
the regetatire or spore forms of tlie bacteria are "escretecl" via the 
tubules. I n  other words, why should a, few bacteria be able to pene-
trate the tubule mall from the inside 'out. when large numbers of bac- . 
teria cannot penetrate from tlie oi~tsiclei n ?  I t  may be that the phys-
iology of the qerminating organism permits such penetration, while 
that of the clirirling or sporu!nting organism does not. Or,  the differ-
ence may lie in the tilbule itself. 

I f  the tubules from grubs with incipient infections could be trans-
planted into healthy grubs and cause clisease, the hypothesis would be 
proved. A few attempts a t  this have rcsultecl in the negative. Nega-
tive tests mean little. ho~vevet-,for the test may have been made at  the 



wrong time for the bacteria to be in the particular portions of the 
tubules transplanted. 

Although the cluestion remains an open one, in the light of esperi- 
n~enta l  results observed to date, the inrasion route of the bacteria 
through the 3lalpighian tubules seeills more likely than throngli any 
other structure or region of the alimentary tract. 

THE COURSE OF THE DISEASE IN THE HOST 

Although tlle cycle of clerelopment of Bacillus pop i l l ke  in the 
blood of the Japanese beetle larva has been described by Uutlry (12), 
i t  is here reviewed and, for purposes of discussion, divided into dcf- 
inite phases. 

t 

Developmental Phases of the Disease 

Whether the disease is artificially induced by injection or natur- 
ally acquired, the first phase may be saicl to begin n711en vegetative 
rocls of the bacteriuril first appear in tlle blood. 'l'his phase is termed 
tho invas ion stage. Of course, this must be prececlecl by the germin- 
ation of the introducecl spores but, since the ingestion or injection of 
spores does not necessarily insure a successful infection of an indi-
vidual (Beard, 2) ,  the appearance of the vegetative form initiates the 
Lacterieinia. This is follo~recl by a rn~~ltiplication of the vegetative 
rocls, which reach such numbers that  the blood appears cloucly and 
assumes a some~vhat granular appenrance when viewecl with the lower 
power of the microscope. This periocl of increase of vegetative rocls 
is here termecl the incubution phase. Jus t  what induces sporulation of 

a ive the bacteria is not lrnown, but i t  occurs as a wave when the reget t' 
forms become esceeclingly numerous. This sporulation phase con-
tinues until the definitive spore stage is rez~checl by all those bacteria 
undergoing sporulation. A t  this time the bacterial cycle of develop- 
ment is consiclerecl to have reached completion. These ~level6~1mental 
phases are illustrated diagrammatically in  Figure 7. 

The shaclow cells mentionecl by Dutlry (12) were presumed~to be 
a .ion. jrods incapable of sporul t '  

INVASION INCUBATION SPORULATION COMPLETION 

FICCRE Developme~ltal phast Diagrammatic.7. line. 
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I t  is during the process of sporulation that  the blood of the grub 
acquires its characteristic milky appearance. The  blood of a grub 
with the disease in this phase appears distinctly granular when viewed 
under low power of the microscope (Figure 8))  and the blood cells are 
la,rgely obscured by the great numbers of bacteria. 

FICVRE8. Gra~lular appearance of tliseased blood clue to-great numbers of bac- 
teria, as seen under low power o i  the microscope. 

Externally there may appear little clifference between a healthy 
and a diseased grub (Figures 9 and 10). A diseased grub may be 
detected most easily by observation of the pericarclial region and the 
posterior segments, where the opacity of the bloocl tends to cloud the 
dorsal blood vessel and the rectal sac. A greater opacity in the legs 
of the diseased grubs can be seen distinctly in the photographs in 
Figures 9 and 10. I n  determining disease by external observation, 
large fa t  accul~lulations may cause some confusion. However, if the 
posterior segments are constricted somewhat between the fingers, the 
f a t  body will be seen to move as a unit, whereas the opaque blooa of a 
diseased grub can be seen to flow irregularly in the spaces between the 
hind gut  and the integument. 

I n  general, the opacity of the blood increases progressively until 
the grub becomes moribund, ancl a grub cliseased for some time becomes 
more or less unifornlly opaque (Figure 11). Dutky (12) stated that  
the number of spores in grubs reared a t  30" C. (86" I?.) reaches a 
maximum in 13 to 16 days after inoculation. I f  this is true, the sub- 
sequent increasing opacity must be clue to the maturation of the spores 
rather than to an increase in the number of bacteria. 

mrhether or not the col~lpletecl spores a.re able to germinate in the 
cliseased grub and repeat a cycle is not known but, since intermediate 
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FIGURE Dorsal view of In9. healthy grub (left)  and diseased grub (right) .  
latter, note greater cloudiness of posterior areas ant1 greater opacity of legs. X 4. 

FIGURE Lateral view of healthy grub (left)  and diseased grub (right).10. 
Note greater opacity of diseased grub, particularly in legs. X 4. 
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sporulating forms are not in  evidence after sporulation is once com- 
pleted, i t  is doubtful if the number of bacteria present in a cliseased 
grub is increased in tallis way. I t  has been observed in a few indi- 
viduals that the derelopment of the clisease was arrested in the sporu- 
lating phase, the bacteria failing to reach the conlplete spore form. 
This ~ v a s  infrecluent, however, and the cause is unknown. 

Time of Development of 'the Disease . 

The tiine requirecl for  the clisease to develop is largely dependent 
upon the temperature. Dntlry (12) observed a rectilinear relation- 
ship between the time of clevelopment, as juclged by the appearance of 
macroscopic synlptolns of the clisease, ancl the temperatures between 
62" F. (17" C.) ancl 93" F. (34" C.) .  It is very unusual, llowever, 
for  n~icroorganisn~s to grow a t  such rates as to givei a rectilinear re- 
sponse with temperatures, and it may be that  the criterion of macro- 
scopic sgnlptoins is not precise enough to judge the time of clerelop- 
ment. Certainly, in  some gr~lbs,  the clisease is ~nacroscopicallg visible 
when the bacteria. are in the last stages of the incubation phase, where- 
as, in others, i t  cannot be detected until sporulation is complete. '17711e~i 

FIGURE11. GTLI~Jin  advanced stage of tliseasc sho\ving uniform opacity all over 
hotly. X 6. 
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grubs were injected parenterally with spores of 23. popilline, incubated 
a t  temperatures of S6", ?Go, 70" and 66" F., ancl the clevelopment of 
the clisease was observecl by periodical microscopic examinations of the 
bloocl, the trends of development followed the pattern illustratecl in 
Icigure 12. I t  is obvious that  a t  any given stage of clerelopinent of 
the clisease, the time requirecl seems to follow more of an esponential 
tllan a rectilinear function of the temperatul'e. This temperature re- 

5 10 15 20 2 5 30 35 

T I M E ,  IN D A Y S  

I;ICVRE 12. Time of development of Bnrilhrs Popillinc at different temperatures. 

lationship has an important bearing on what nlay be espected from 
the fielcl use of the bacteria in the control of the Japanese beetle larvae. 
It is obvious that  when soil temperatures are lo\\ler than 70" F. the dis- 
ease clerelops so slowly that a rapid turn-over ancl consequent,build-up 
of the clisease is impossible. Dntlry (12) pointed out that approxi- 
mately 16" C. (60.8" F.) is the temperature below which the disease 
b ill not develop. The beetle grubs, however, are not inactive a t  this 
temperature. j 

PATHOGENICITY OF BacilZus popillicie IN BEETLE LARVAE 

Paillot (81) has pointed out that, in  contrast to microbial diseases 
of man in which the pathogenicity is principally clue to secreted tox- 
ins, entomogenons bacterial diseases seem rather to cause a general 
suppression of the functions vital to the host. This general suppres- 
sion may be more apparent than real clue to the seemingly generalizer1 
physiolo,rrical systems present in the insect organism. Tt is very likely 
that, if insect physiology were better known, ancl the action of bac- 
teria upon insect hosts mere more carefully stnrliecl, specific effects of 
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the invading organism would be discovered, whether toxins were in- 
volved or not. Sokoloff ancl Klotz (39) ,  for  example, have suggested 
that the pathogenicity of "Bacillus C" in the red scale of citrus may 
be due to toxic products arising from nitrate reduction in the host 
insect. 

Effect of t he  Disease on Larval  Mortality 

I n  many respects, the relationship between the Japanese beetle 
larva ancl the milky disease organism is a favorable one for study. I n  
contrast to many entomogenous septicemic (or 'bacteriemic) diseases ' 
which develop rapidly, killing the host in a matter of hours or  very 
few clays, t,he milky clisease passes through a very methodical course of 
clevelopment, the time of which can be reasonably well controlled in 
the laboratory. Moreover, the infected grub does not necessarily die 
upon completion of the bacterial cycle of clevelopment, but may live 
for a longer or shorter time in the diseased condition. Grubs in the 
earlier instars succunlb more promptly than the older grubs. F o r  
example, among the diseased first instar grubs observed in the labor- 
atory, none lived more than 25 days after becoming diseased and, 
among cliseased second instars grnbs, none lived more than 55 days, 
whereas diseased third instar grubs have been observed to live over 
70 days. 

When death does come to the diseased ,qrub, i t  certainly appears 
to be clue to a general suppression of the vltal functions, as Paillot 
statecl. The exact point of cleath of an infected grub is difficult to 
determine ancl, in fact, map be a matter of definition. But, as the 
time for death approaches, the grub becomes less active and then 
moribund, losing first spontaneous movement and then response to 
tactile stimulation. A t  this time the circulation of the blood stops, 
ancl the bacterial spores settle clolvn to the bottom of the body cavity. 
The white mass of settled spores can be seen easily through the integu- 
ment of a dead cliseased grub when i t  is turner1 over. Putrefaction 
does not seem to occnr until the hacterin normally present in-the ali- 
mentary tract gain access to the rest of the body. I n  fact, uncler dry  
conclitions, there may be no putrefaction. the remains of the grub 
shrivelling to a small size. 

J 
One of the peculiar features of this disease is that pathblogic 

symptoms are not coinciclent with the incubation, or even the sporu- 
lation. phase of the bacterial development, but are clelagecl until sporu- 
lation is to all appearances complete. It is generally believecl that the j
spore form of a bacterium is inactive pathologically. and that any 
deleterious effect on the host can be tracecl to the metabolically active 
vegetative form. I n  this case, however, mortality among grubs in the 
early stages of the disease is not simificantlp greater than among 
healthy p u b s ,  and grubs in the advanced stages of the disease may 
live for weeks without manifesting any signs of ill health or inhibited 
activity. This demonstrates that the pathogenicity of the milky dis- 
ease organism is of a low order of magnitude and that, if any effects 
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are caused by the vegetative forms of the bacterium, their clelayecl 
manifestation is clue to a resiclual conclition or perhaps a cumulative 
action. 

The mortality trends of diseased grubs can be considered by ref- 
erence to the accoml~anying figure (Figure 13). This chart represents 
the result of a test in which third instar grubs \xrere inocl~latecl with 
~nillry disease spores and incubated a t  a temperature of 78" F. Grubs -
obviously cliseasecl a t  the encl of two n7eelrs were then rearecl in  groups 
a t  temperat11rt.s of 70°, 78" and 86" I?., 64 grubs being usecl a t  each 
temperature. I n  other worcls, the grubs used were in the last phase 
(spornlation complete) of the disease. Similar groups of healthy 

D A Y S  A F T E R  INOCULATION 
j


I~ICVRE13. Cumulative mortality trends of third instar diseased grubs redred at  
TOo,78" and 86" F. 

grubs were reared under the same environmental conditions. Counts 
of the grubs made a t  interrals yielclecl data from which these curves 
were drawn. It is a t  once evident that  grubs do not die a t  any def- 
inite time following the clevelopment of the cliseasecl conclition, but 
live varying lengths of time, presumably depending upon the vigor of 
the individual. It is seen that  many incli.c~icluals live for \~eel<s o r  
even months after their bloocl becomes loacled with bacterial spores. 
This  is particularly true a t  low temperatures. I n  the field, i t  is not 
nncommonly observed that  grubs becoming diseased late in the fall 
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will survive the winter, not dying unt,il act,ivity is resumed in the 
spring. 

Kot only do these diseased grubs remain alive for vnrying lengths 
of time, but they continue to feed until they become moribund. Evi-
dence for  this can be seen in the incubating compartments, where 
sprouted grass seecl is provided as food for the grubs contained in 
cubic inch units of soil. Where grubs are absent or dencl, the growth -
of grass is evident; where grubs are present, even though diseased, 
the growth of the grass has been inhibited. (See Figure 14.) 

A comparison of thk mortality trencl of diseased larvae with that 
of grubs not diseased indicates that, for  the most part,  the diseased 
grubs do die somewhat sooner than the others. The accompanying 
chart (Figure 15) illustrates the mortality trencls of diseased and non- 
diseased grubs reared nt 78". The results were fundamentally the 
same a t  the other t,wo temperatures of 70" and 86". At  all three 
temperatures, however, a marked difference in the course of events 
appeared between the diseased and healthy grubs which limits the 
value of a comparison of these two trencls. Until the time all diseased 

FIGURE14. Surface view of incubation container. Evidence of grub feeding 
seen in inhibition of grass growth. Presence of grass indicates cleat1 grub. 
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FIGURE Cumr~lative mortality trends of third instar grubs reared at  78" F.15. 

insects under observation died, in this case (78"), 47 days after in- 
oculation, tiley remained in the larval stage. On the other hancl, the 
healthy grubs began to pupate 20 clays after the beginning of the ex- 
periment, ancl atlults began to emerge two weeks later. Since the 
adult is really a clifferent organism froin the larvae, the rest .of the 
curve (shown as a broken line) mas calculnted by disregarding those 
indivirluals becoming adults. 

Effect of the Disease on Molting and Metamorphosis j 

I t  becomes apparent that  the disease does inhibit metamorphosis, 
for certainly many of the cliseasecl grubs lived long enough to trans- 
form, if they n7ere capable of so cloing. This might a t  first glance seem 
opposed to the work of Langforcl ancl co-workers (Langforcl, et al., 
26), who reported that  cliseasecl larrne are capable of metamorphosis. 
The explanation lies in the fact that  a rather close relationship exists 
between the development of the disease ancl the ability of the host to 
metamorphose. I f ,  a t  the normal time of pupation, grubs contain 
bacteria in the invasion, incubation, or even the sporulation stages, 
lnetamorpl~osis proceeds in an npparently normal manner. Grubs 
containing mature spores, on the other hancl, are, with rare exceptions, 



incapable of pupating, regardless of how long they may live and feed. 
This again enlpllasizes the delay of any effect caused by the vegetative 
forin of the bacteria. 

I f  metamorphosis is inhibited, i t  is possible that  molting of the 
younger grubs might, too, be affected, ancl such is the case. Out of 
40 diseased first instar grubs, only one inolted to the second instar 
and, of 61 diseasecl second instar grubs, three ~nolted to the third in- -
star. The question a t  once arises as to whether this inhibition is 
merely due to the fact tha t  the grubs were lriLled by the clisease be- 
fore they had a chance to mol tpa r t i cu l a r ly  when it is observed tha t  
the younger grubs do succuinb earlier than the third instar grubs. Of 
course, i t  is impossible to know if any given individual grub lived 
long enough to  inolt, as the time of mo l t~ng  is indefinite and cannot 
be preclicted. But, when groups are considered, the mortality trend 
of diseasecl grubs can be comparecl in respect to time tvith the molting 
trend of healthy grubs, as in the acconlpanying chart (Figure 16). It 

D A Y S  AFTER EMERGING FROM EGG 

FIGURE16. Cornpariso~ls of molting trends of healthy grul)s \\.it11 mortality j
trends of diseasctl grubs in early i ~ ~ s t a r s .  

is obvious that, as a group, the diseasecl first instar. grubs did indeed 
live long enougll---and more-to molt, but were unable to do so. IITith 
the diseased s e c o ~ ~ d  instal- grubs ancl the second ecclysis, the yictr11.e is 
essentially the same, although i t  is clear that  a few inclividuals, a t  
least, did not live long enough to molt. I t  is possible for  a grub to 
become infected in one instar ant1 inolt before the disease con~pleted its 
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de~elopnlent but, with few exceptions, once the blood of an infected 
grub becomes milky (sporulation-completion stages of the disease), 
further clevelopment of the host is prevented. 

From the standpoint of the incliviclual grub, i t  may be, concluded 
that the disease, while not immediately letlla.1, cloes shorten life ex-
pectancy, particularly among the young grubs, ancl i t  cloes inhibit -
molting and metamorpl~osis, provided the clisease is fully developed. 

Physiological Effects of the Disease 

The physiological effects of the clisease which might be respon- 
sible for these general efTects may now be considered. 

No necrosis of any organ system or tissue is evident and, prior 
to the moribund condition, no difference in activity i,s apparent be- 
tween diseasecl and healthy grubs. The association of the bacterial 
spores with the fa t  body and wall of the alimentary tract as noted by 
Dutlry (12) doubtless is incidental and without pathological signifi- 
cance. The blood, however, supporting the development of such large 
numbers of bacteria and, a t  the same time, fulfilling its vital functions 
in the grub must be considered in detail as to possible eff'ects of the 
invading organism. 

Due to the open circulation in the larval blood stream, the pos- 
sibility of any mechanical blocli by the bacteria is remote, e\-en con- 
sidering the relatively large size of the bacterial spores, unless some 
form of agglutination sets in. This has nevcr been observecl. A 
simple, but striking, deinonstration substantiates the absence of any 
mecl~anical interference ~v i th  the circulation. I f  a diseasecl grub is 
cooled to the point where its circulation is retarded, the~heavg spores 
settle to the lowest region in the grub. .If then, the grub Is brought to 
a higher temperature, the circulation is restored, and in a matter of 
minutes the spores again become dispersed uniformly throughout the 
body cavity. v m 

The s l o ~ ~ r  action of the bacteria in causing death of the host dem- 
onstrates the improbability of any lethal action by toxins secreted by 
the clisease organism. This seems ~ubstant~iated by the following in- 
jection esperiment. Grubs, in groups of ten, mere each injected ;ivith 
eight cubic millimeters of the fluicls listecl in Table 2. One group 
was uninjectecl for a control. The cumulative mortalities observed 
after three, six, nine ancl 12 days are tabulated. It is obvious that 
mortality was heavy only as a result of the inoculants containing 
spores. The fact that the spores, whether alive or clead, suspended in 
bloocl or in water. causecl the henry mortality implies that  no toxins 
were involved, and that death was apparently caused by the mere in- 
trocluction of a large quantity of foreign material. Diseased grubs, 
which do not die so promptly, contain far  more bacterial spores than 
were introclucecl in the eight cubic millimeters injected, but the num- 
ber is reached over a period of several days ancl the grub has a chance 
to accommoclate itself to the in~acling organism. 
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TABLE2. OF INOCULATIONMORTALITY GRUBSFOLLOWING 

Cumulative mortality after 
1~~oculuni  3 days 6 days 9 days 12 days 

Ellinjected 1 1 1 2 
Distilled water -> ,' -7 7 
Heat-fixed blood' from Ilealthy grubs (1 O 0 0 
I-Ieat-fixed blood from diseased grubs 7 !) 9 10 -
Heat-fixed diseascd blood ~ n i ~ ~ u s  sporcs' 1 -I -I 4 
Spores suspended ill distilled water" 5 7 9 10 
Spores suspended in distilled water4 6 - S 9 10 
Ileacl spores suspended in distilled water' 8 S S 8 

-.-

1Blood is heat-fixed by immersing grul~s  in water heater1 to approximately 1 3 5 O  1.'. to 
prevent coag.ulation of the blood. (Yeager e t  al., 5 2 ) .  

"Supernatent fluid af ter  centrifuging heat-fixed diseased blood. 
"pores washed in three changes of distilled water and suspended in water. Concen-

tration per unit volume approximately the same a s  diseased blooq (about 200,000,000
spores per grub). 

1 Same a s  above ( 3 ) .  but inoculum-approximately 126,250,000 spores per grub. 
;Spores ltilled in water suspension by autoclaving. lnoculum per grub-approximately 

170,500,000 spores. 

LI drop of blood clralvn from the Japanese beetle grub cluiclily 
coagulates by a gelation of the plasma portion which entraps most of 
the blood cells. The coagulum can be gathereel into a viscous drop 
with the point of a needle, leaving a small volume of more fluid 
"serum" containing scattered cells. Blood from healthy grubs mas 
compared with milliy blood, and no difference in  the manner of co-
agulation appeared. Twenty-five samples of each mere examined un- 
der the n~icroscope, and the time required for  coagulation was noted. 
Because the encl-point, juclged by gathering the coagulum into a dis- 
tinct drop, was son~ewhat indefinite, the time was observed to the 
nearest five-second interval. KO significant difference in coagulation 
time coulcl be noted between the healthy blood and the diseasecl blood, 
the means being 18.5 seconds and lS.6 seconcls, respectirely, the range 
being. from 10 seconcls to 35 seconds in both cases. Whatever the 
chemlcal changes may be that  are associated with coagulation, they 
do not seem to be affected by the presence of the clisease. 

Apparatus has not been available for testing the p H  of the ,blood 
of individual grubs \vithout exposure to air, but poolecl sampres of 
heat-fixed blood mere tested with a glass electrode. Healthy $blood 
showed a pH of 7.2, ancl the milliy bloocl, 7.32. I n  another test, using 
centrifuged heat-fixed bloocl, the p H  of healthy blood mas 7.32 and of 
milky blood, 7.25. Apparently, these differences are not significant, 
for colorimetric, spot-plate cleterlninations of p H  in  blood from indi- 
vidual grubs indicated as great a variation among healthy grubs as 
between healthy and diseased. 

Although of questionable physiological importance, the specific 
gravity was found t o  be somewhat higher in diseasecl blood (1.034) 
than in healthy blood (1.027) as juclged by one cletermination of 
poolecl, heat-fixed bloocl samples. The higher value for milky blood 
is presumed t'o be due to the nreight of the containecl spores. 
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I n  view of the fact that  amino acids account for the greatest com- 
ponent of the osmotic pressure in insect blood, ancl that  the bacteria in 
the diseasecl grubs must utilize amino acicls in their metabolism, the 
osmotic properties of healthy and diseased bloocl are of some interest. 
Attempts to determine the melting points of frozen, pooled blood 
samples failed to give satisfactory results. A simple oslnometer in- 
dicated no significant difference between healthy and diseased blood. -

Some of the inorganic constituents of diseasecl and healthy blood, 
heat-fixed and centrifuged, mere determined by'micro-chemical spot- 
plate methoc1s.l These methods are not as precise as would be desired, 
but shonld show any major differences. The results of these tests are 
indicated in the following table : 

Parts per million 
Healthy blood Diseased blooil 

Nitrate nitrogen 
Nitrite nitrogen 
Ammonia nitrogen
Phosphorus
Potassium 
Calcium 
Magnesium 
Aluminum 
Manganese
Sodium 
Chloride 
Sulfate sulfur 500 500-
Copper neg. neg. 

I t  will be seen ,that, except for minor differences in the ihmon ia  
nitrogen, potassium and magnesium, the two samples were alilie. I t  
is ilolxbtful if the ,small differences noted hare  any physiological sig- 
nificance. 

.i 
Babers (1) founcl that, associated with the infection of larvae of 

the southern armyworm (Prodenia e d a &  Cram.) by BmiZZus cereus. 
was a marliecl recluction in the number of cells present in the blood. 
No such reduction was noted in the case of Japanese beetle larvae in- 
fected with milky disease although, when the blood becomes millcy, 
the cells become obscurecl by the exceedingly numerous bacterial spores. 
Blood cell counts were made from 20 non-diseased grubs ancl from 20 
grubs infected with each stage of the disease-a total of 100. The 
mean number of blood cells for  each group was founcl to be as follows: 

'The  writer is indebted to Miss Beverly Parlter, of the  Soils Department of the Es-
periment Station, for making thew tleterminations. 
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Grubs riot diseased 
Grubs diseased 

Invasion stage 
Incubation stage 
Sporulation stage 
Completion stage 

Except for  those grubs in  which the clisease bacteria are spok- 
ulating, no significant differences in blood cell number appear among 
the groups of grubs. No definite reason for  the marked increase at  
this one stage can be given. It is possible that  someiartifact in the 
counting technique is responsible, for the increase appears only a t  
this one stage of the disease and shows no progressive change associ- 
ated with disease development. On the other hand, i t  may be that  the 
actual process of sporulation of the bacteria within the grub cloes modi- 
f y  the halance between the tissue fluids ancl t,he blood or  in some other 
way affects the cell-plasma ratio of the bloocl. I f  this is true, the 
condition mnst be temporary, as the cell count of diseased blood in 
which sporulation is complete cloes not cliffer significantly from nor- 
mal. 

I n  two respects only, which are probablv related, have differences 
appeared which mizht account for  the over-all effects of the milky 
disease. F o r  one thing, as is the case with other bacterial cultures, 
the oxidation-reclnction potential of diseased blood is significantly 
lower than that  of healthy blood. And, in the second place, if blood 
from a healthy grub is exposecl to the air, i t  soon becomes verp dark 
in color. Blood from a milky grub, on the other hand, usuallp fails 
to undergo t,his change (Figure 1'7). This melanization is funds- 

FIGURE17. Drops of blood of Japanese beetle larvae exposed to air. Healthy 
blootl, left ; diseased blood, right. 
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menta,lly an oxidation phenomenon involving a chromogenic substrate 

ancl a,n enzyme such as tyrosinase or clopa-osidase. That  the clisease 

interferes with one or  more enzymes rather than with the chromogenic 

substrate is indicated by the failure of most diseasecl bloocl to blaclren 

a solution of tyrosine, RS docs liealtl~y bloocl. diseasecl
EIowe~~cl*, 
bloocl does not consistently give negative results when tested with 
benzidine, gum guaiac anel p-cresol, all of which give color reactions 
in the presence of osiclase. This variation is presumed to be clue to -
the fact that  grubs a.re a,ffected to a greater or lesser clegree. I n  fact, 
in a few g r ~ ~ b s ,  Also, i t  ma,y be thatthe e,nzyme may not be affected. 
phenolic osidases, ot,her than the one or more' reszonsible for the 
melanization of bloocl, may be present and more or  less affected by the 
disease. The bacteria.1 spores themselves, washecl in  severa,l changes of 
clistillecl water, failed to react. to the tests for oxidases. i\lthough the 
exact role of the clisea.se in interfering ~ v i t h  this enzyme system has as 
yet not been satisfactorily determined, i t  is believed that  the distur- 
bance of this or some similar enzyme system could acconnt for the in- 
hibition of molting and metamorphosis and a reduced longevity in t,he 
beetle grubs, mit,hont being immecliately lethal. 

There is no doubt that  enzymes play an important part  in molt.- 
ing a,nd metamorphosis. a,nd i t  is reasonable to a.ssume t,Ilat the oxi- 
dases in particu1a.r may be responsible in large measure for the utiliza- 
tion of meta,bolites in producing the increasecl energy required for 
molting, over and a.bove that  recluirecl for normal 1naintenance.l I n  
the sa.me way, an "energy debt" might a,ccount for rednced loncevity, 
without being immecliatelv 1et'ha.l. I t  cannot he stated with finality 
that  t,he de~t~riiction of the enzyme or enzvmes responsible for  the 
melani~at~ion bloocl also accounts for the inhibition of molt- of 
in?. It can only be stated that a.n oxidizing enzvme system is dis- 
turbed. Osicl izin~enzymes are presumably required for  molting. The 
milky disease inhibits molting a,nd me,tamorphosis and shortens life 
expectancy in .Jananese.beetle larvae. no~sibly by destrovinc necessary 
enzymes. Tn this connection, i t  is of interest to recall that  Dewitz 
(10) att,ribiited the cause of metamorphosis to tyrosinas&, which is 
most abiindant a t  time of pupation. 

The possibility of the millry disease- iiestroyincr hormones neces- 
sary for molting a.nd metamorphosis should be considered. but a t  pres- 
ent this seems unlil~ely. I f  the horm.ones in the Japanese beetlGcon- 
form to the crenera.lized nabtern found in other insects (Rodenstein. 
4), one wonld expect a hormone responsible for  molting which also 
served t'o inhibit a different hormone re,sponsible for metamorphosis. 
I f  onlv the moltinm hormone were affect,ecl hv the disease, yoiinq in- 
fected grubs would be expected t'o met'amorphose prematurely. I f ,  on 
the other hand. onlv the meta.morphosis hormone were affected. molt- 
ing woiild not be inhibited. conseauently. if the disease does destroy 
necessarv hormones. both the moltino ancl met,amorphosis hormones 
moulcl ha.ve to he eliminateel to procluce the observed effects. Such 

-
I 	 S*eOhnm ( 2 8 )  a n d  Src~l!la~n( 3 0 )  have revi~\vorlt h r  information on t h ~biochemistry

of metamorphosis. 
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hormones serve only a trigger action, and can function only if the or- 
ganism is in a proper physiological condition. A disturbance of the 
latter would have the same end result as a destruction of the hor- 
mone. 

Further work may clarify the picture and may demonstrate that  
other physiological processes are affected by the millry disease organ- 
ism. The problems can be approached much more satisfactorily when -
a reliable and satisfactory artificial culture medium is found for the 
bacterium. 

SUSCEPTIBILITY OF JAPANESE BEETLE GRUBS TO 

MILKY DISEASE 


Effect of Spore Dose on Incidence of Disease 
The susceptibility of thircl instar beetle p u b s  tb  millry disease 

has been cliscussed in some detail elsewhere (Beard, 2) ,  but i t  shoulcl 
be mentioned here that  the probability of a grub becoming infected in- 
creases with the spore dose. whether received by injection into the 
body cavity or by ingestion into the gut with food. This dosage re- 
sponse can be satisfactorily represented by a .rectilinear curve when 
the data are plotted on a logarithmic-probability grid. I n  an un-
published thesis, Dutkp (11) earlier notecl a graded response when 
spore dosages ranging from 100 to 2,000,000 were injected parenteral- 
1 illthough only ten grubs were inoculated with each close, Dutlry 
concl~iclecl that  the expression (per cent infection) 1/2 = 3.1 logloN 
-9.2 rouzhly expressed the results. where N = the number of spores. 
Of his data, only three points could be plotted on a logarithmic-prob-
ability grid, but these could be very well represented by a straight 
line. 

Although, in a given series of exposed grubs, the dosa.ge-response 
is characteristic, i t  has been fonncl that the level of response in differ- 
ent series may vary. This is because different groups of grubs may 
vary in their suscept.ibilities or different inoculants mag vary i n  poten-
cy. The susceptibility of grubs and the potency of spores map act in- 
dependently, antagonistic~llv, or supplementa.llg to give a higher or 
lower level of response. This dosage-response can be user1 to aavan- 
tage in making comparisons for, bv using a, common lot of spored in a 
dosage series. the susceptibilities of different proilps of grubs ca,n be 
compared or, by using a common lot of grubs, the potencies of different 
lots of spores can be eva.luated. hloreover, the dosage-response offers ,-a means of bio-assapinc t'he spore content of soil containinc unknown 
numbers of R.pop8Ziae. The dosage-response offers another advan- 
tage in serving as a check upon t'echnique for  very aberrant results 
map indicate previoiislp unobserved nat.ursl disease or additional in- 
oculum from unlrnown sources. Variations are. of course, to be ex- 
pected and i t  should be pointed out that  the variations are apt  to be 
wider when the dosages are so low t,hat the rate of infection is less 
than 15 per cent. 
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Relative Susceptibilities of the Three Larval Instars 

During the spring feeding period of the Japanese beetle grub, 
only thircl instar larvae are present in any number. During the feed- 
ing period in late summer and fall, all three instars are present and 
may be exposed to the disease. 

The susceptibilities of the three instars were compared by ex-
posure of the gr~ibs  to soil containing knolvn concentrations of spores 
in  a dosage series. The soil was prepared by aclding measurecl cluan- 
tities of spore dust, suppliecl by the Bureau of Entomology and Plant  
Quarantine, to soil which had been sterilized for  at  least two hours a t  
15 pouncls pressure, ancl thoroughly mixed in a small, barrel-type 
mixer. The gnlbs in the first and second instars had been reared 
from eggs in the laboratory. in soil free from B. popilllipe. The third 
instar grubs were fielcl collectecl but. prior to testing, had been reared 
in  sterilized soil for two weeks at  a temperature of 78" F. in order that  
any grubs naturally diseased colild be cletectecl and discardecl. Each 
group of grubs was incubated for 17 clays a t  86" B., after which the 
incidence of clisease was determined by blood examination. Figure 18 
graphically represents the results. 

ti 

NUMBER OF SPORES P E R  GRAM, DRY WT., OF S O I L  

FIGURE Incidence of disease among grubs of  three instars incuhated in soil 18. 
containing milky disease spores. 

I t  is obvious that the susceptibilities of grubs of the three instars 
are of the same order of magnitude when the grubs are reared for 
the same length of time at  equivalent temperatures in soils containing 
the same inoculants. It should be pointecl out, however, that the time 
interval used (17 clays) was long enough for some of the grubs in the 
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early instars to molt. This meant that  for  a short period a t  and 
immediately preceding the molt, the grubs clicl not feed and, conse- 
quently, would not become esposecl to spores. This might explain 
what appears to be a slight, progressive increase in susceptibilities 
among olcler grubs, although neither the slopes nor the positions of the 
regression lines show significant differences when analyzed statistic- 
ally. The relative susceptibilities of the different instars will be given -
further consideration in a later section, in which the jnciclence of dis- 
ease in a developing grub population is eraluatecl. 

The Factors of Chance and Resistance As They Affect Suscepti- 
bility 

The siisceptibilitp of the beetle grub to tlie ili!acling organism 
involves a number of factors difficult t o  isolate. I n  the first place, 
the spores must be inmested with food and soil particles or with blood 
of a diseased grub. he probability of spore ingestion is increased 
with an increase in the feecling intensity ancl in the spore content of 
the soil. Once the spores are in the gut, the element of chance still 
determines whether or not viable spores reach the site favorable for 
germination anel penetration into the body cavity. I f  all portions of 
the miclgut mere eclually fayorable for penetration, there moulcl seem 
to be an infinite number of spots where germination conlcl occur. I f ,  
as has been postulatecl. the Alalpighian tubules constitute the invasion 
route, the spores must be caught a t  the orifice of the tubules in the 
hind gut. There is no reason to believe that  the spores in any way 

' ac t i~e iy  seelt the point of germination, but are presunlecl to be passive- 
ly carriecl there. I f  they fail to reach such location: they pass on 
through ancl out the alimenta:.y tract. To this point, then, except 
possibly for the feecling intensity, the liltelihoocl of infection is large- 
ly clue to chance ancl is inclependent of the physiology of the beetle 
grub. ?. 

r 11he germination of tlle spore ant1 the ~nultiplication of the vegeta- 
tive form, on the other hand, 11111stbe affected by tlie physiolog~,of the 
grub. h 13hysico-chemical environment favorable to bacterjlal cle-
velopnient is presuii~etl, but t,he pre.sence of in~lnunilo~icaldr other 
antibiotic substances or t'he absence of essential growth factors may 
prevent the development of t>lie clisei~se. Phagocytosis of the bac- 
teria has not been observed, but other defense n~eclla~nisins may be at 
work. Some evidence of resistance on tlie part of the beetle grub 
to the disease mas presentecl by Beard (2).  The nature of any such 
resistance is a t  present. not nndc~~too~t l ,  but i t  is cloubtful if i t  is of an 
immunilogical nature in the us~ial sense. No grub has been ob-
served to overcome the disease once i t  got started. Except in the rare 
cases previously noted in which the bacteria were arrestecl in the 
sponilating phase, the bacteria continue their cycle of developlnent to 
completion. 

* 

$ 

. 
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Effect of Preliminary Feeding by Grubs on Susceptibility to Dis- 
ease 
The factors that might affect the susceptibility of grubs have so 

far  been inadecluately investigated. X single test n7ns conclucted on 
the effect of preliminary feecling of grubs and their susceptibility. 

Grubs collected in the field and held in cold storage were removed . 
from storage, placed in a room where the temperature was maintained 
a t  '78" F.,ancl allowed to feed on sprouting grass seecl for s i s  clays. They 
miere then inoculatecl with spores of B. popilliae in  a dosage series.' 
Similar inoculations were made in grubs just removed from cold stor- 
age. The incidence of disease determined after two weeks of incuba- 
tion is illustrated in  Figure 19 and shows no essential difference in re- 
sponse between the grubs previously fed and those not. Neither the 
slopes nor the positions of the two regression lines differ significantly. 
I t  may have been that  the preliminary feeding periocl was too short to 

N U M B E R  O F  S P O R E S  PER GRUB 

19.FIGURE Incide~ice of disease among grubs fed f o r  six days prior to inocu-
lation and among grubs not  so fed. 

1 In  this and most tests reported below, 40 grubs were used a t  each dosage. Inocula-
tions were made using five (or  in a few cases. four)  syringes. Ten grubs would be 
inoculatecl with one dose, syringes changed, and ten more grubs would be inoculated. 
The order of doses inoculatecl was  chosen a t  random to achieve better randomization 
of the g.1-ubs injected. In  early tests, the syringes were manually agitated prior to 
use. In  later tests, a vertical, rotatlng (motor-driven) disc, in which the syringes 
were placed, served to agitate the suspensions and prevent the settling of spores. 
When the incidence of disease was evaluated, only survivors were examined. There 
is usually a small amount of mortality independent of the diseased condition, and it 
is impossible to tell, except in advanced stages, if a dear1 grub had become infected 
prior to its death. 
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modify the nutrition of the grub, but certainly under the conditions 
of this experiment, feeding had no effect on susceptibility. When, on 
the other hancl, exposure to the disease is by ingestion of spores along 
with food, feeding intensity definitely affects the probability of in- 
gesting doses sufficient to cause disease. Bu t  this is not a matter of 
susceptibility in  the strict sense, however. 

Effect of Incubation Temperature on Susceptibility to Disease 
I n  essentially the same way, the incidence of disease as aflected by 

temperature was observed. Groups of grubs were inoculated par-
enterally with serial dosages of spores in  the usual manner. Half of 
the grubs in  each group were incubated a t  a temperature of 85" F. 
and the other grubs were incubated a t  75" F. Due to the difference in 
rate of disease development a t  these temperatures, t1;e incidence of 
disease was determined a t  several intervals rather than a t  any one 
definite time following injection. The total incidence of disease ob- 
served is illustrated in Figure 20. Again, as judged by this experi- 
ment involving only two temperatures, no statistically significant dif- 
ference in incidence of disease appeared between the experiinental 
groups. 

NUMBER OF SPORES PER G R U B  

FIGURE Incidence of disease among grubs incubated at different temperatures 20. 
after inoculation. 
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POTENCY OF SPORES OF Bncilltrs popiJliae 

Effect of Age of Spores on Potency 

Dutky (12) reported that spores in bloocl films clried for as long 
as 42 months gave a high rate of infection when injected into grubs. 
Although spores apparently remain viable for long periocls when kept 
in this form, the possibility of a loss in potency nus st be considered. -
This was tested as follows: Spores in clried blootl smears prepared 
from diseased grubs a t  different times were each inoculated in a .dosage 
series into healthy grubs. Three of the smears 'l~sed, prepared April 
18, 1939, March 15, 1941, and December 16, 19P2, were supplied 
through the courtesy of Dr. C. H. Hadley of the Bureau of Entomol- 
ogy and Plant  Quarantine. fourth smear, prepared February 16, 
1944, was drawn from a. diseased grub picked a t  random from cul- 
tures maintained in the writer's laboratory. Inoc~~la t ionswere made 
on February 24, 1944, and the incidence of disease was determined 
March 9, 1944. The  ages of the spores were broadly considered to be 
one. 16. 35 and 58 months. The inciclence of clisease for the four 
seriks Gas founcl to be as represented in Figure 21. A remarkable 
uniformity of results is evident, from which i t  may he concluded that 
spores kept as dried smears not only may remain viable for extended 
periocls of time, but do so with no loss of potency. 

N U M B E R  OF S P O R E S  PER GRUB 

I;IGURE21. Incidence of disease among grubs injected with spores of different ages. 



Effect of Exposure of Spores in Soil to Weather 

It is of interest to know whether this resistance is still evident 
when the spores are incorporated in soil exposed to the weather. 
White (44) reportccl on the survival of the clisease in the field under 
conditions of extrc:ne weather, but no quantitative evaluation of the 
disease organism was made. One test was macle with this question in 
mind. 

On Ju ly  10, 1944, five lcilograms of moist soil were thoroughly 
agitated in  a sinall barrel-type mixer to assure a uniform sample. 
This sample n7as then dividecl into two equal portions by weight. 
T o  one sample were added 40 grams of millry clisease spore dust sup- 
plied by the Bureau of Entomology ancl Plant  Quarantine. An equal 
amount of spore dust was weighed, but placccl in n jar for keeping in 
the laboratory. The  soil sample containing the spore, clust was then 
tl~oroughly mixecl ancl placer1 in an eight-inch flower pot. The samp\e 
containing no spores was similarly potted, anel equal amounts of grass 
seed were sown on the surface of each sample. These were kept in- 
doors for a few days until the grass seed germinated, when they were 
taken outdoors and plunged in p o u n d  fully exposed to the sun. The  
summer was unusually clrj~, but the pots were artificially watered only 
a few times to keep the grass from dying completely. Towards the 
end of the experiment, heavy rains fell. After a total of 13 weeks, 
the pots were returned to the laboratory, ancl the contents were care- 
fully sifted to remove all the soil from the grass. The two samples 
were individually mixed thoroucrhly, but to the one containing no 
sporm was added the spore dust tha t  hacl been previously weighed 
ancl kept in the laboratory. This, then, proviclecl uniform soil samples 
with uniform inoculants except for the fact that, in one case, the 
spores were added before exposure to the weather and, in the other, 
the spores were added after exposure. Grubs known to be healthy 
were then incubated in the two soil samples for 17 days a t  78" F. The 
incidence of disease was found to be a s  follows : . .. 

Gruhs present ' Grubs diseased Per cent dibascd 

Spores added to soil 
before expusure 49 15 30.6 

Spores added to soil 
after exposure 56 13 23.2' 

This experiment might have yielded more information if some 
kind of a dosage series had been used but i t  is a t  least evident in this 
case that exposure dicl not impair the potency of the inoculated soil. 
The apparent increase in potency is probably fortuitous. 

i 
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Relative Potencies of Fresh Spores and Spores in Dust Form 
I n  the test just mentioned and others involving inoculated soil, 

spore dust supplied by the Bureau of Entomology and Plant Quaran- 
tine was used as the source of spores rather than spores freshly 
drawn from diseased grubs. As i t  was desirable to check on the rela- 
tive potencies of such soil mixtures, l r~own numbers of fresh spores, 
in serial dilutions, were added to soil samples and thoroughly mixed. 
To similar soil samples were added nleighecl quantities of the spore *, 
dust, which is supposed to be standardized to 100,000,000 spores per 
gram. Grubs were incubated in the different soil samples for 17 days 
;it 78" F.;ancl the resulting incidence of disease cleterminecl. The results 
are indicated in Figure 22. Obviously, the spore clust was far  less 

-

NUMBER OF SPORES PER GRAM, DRY WEIGHT, OF SOIL 
22. 

dust and soil containing spores freshly drawn from diseased grub< Solid lines- 
calculated regression; broken lines-regression based on combined slope. 

FIGURE Incidence of disease among grubs incubated in soil containing spore 
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potent than the spores freshly drawn from diseased grubs. Statis-
tical analysis indicates that the two dosage-response curves can be 
represented by parallel lines, using a combined slope. I f  this is done, 
the potency of the fresh spores is found to be six times as great as the 
spore dust (i. e., six times as many spores in dust form are required to 
cause the same incidence of disease as spores freshly drawn from dis- 
eased grubs). The reason for this conspicuous difference is not 
known. The spore dust used was, to be sure, at  least two years old, 
but in view of the experiment reported above, the age of spores, per 
se, does not seem to affect the potency. It may be that, by chance, 
either the spore dust used happened to be low in potency or the fresh 
spores used happened to be high in potency. Another possibility is 
that the actual method of processing the dust caused a loss in potency. 
I n  view of the wide-spread use of the spore dust, further comparisons 
should be made and, if consistent differences are found, the cause of 
the reduced potency should be found and, if possible, pkevented. 

Effect of Ultraviolet Light on Potency of Spores 
I n  general, ixltraviolet light has an inhibitory effect on bacteria. 

I f  B. popiWiae spores are thus affected, some loss in effectiveness might 
be expected when spore dust is applied to the surface of the ground 
and remains there for any length of time. 

The effect of ultraviolet light on B. popilliae spores was tested in 
the laboratory. From pooled samples of diseased blood, smears were 
made on microscope slides. Covering the back of each slide was affixed 
a strip of tin-foil-lined red paper such as is usually wrapped around 
photographic film. These slides were arranged radially on a horizon- 
tally placed turntable mounted on the second-hand shaft of an electric 
clocli. Suspended above the turntable a t  a distance of 12 inches 
was a G. E. type S-4 ultraviolet lamp. Although the intensity of 
ultraviolet emitted by the lamp is not lmown, the wave lengths emitted 
ranged from about 2,825 A. up through the range of visible light, in- 
cluding at  least some red. Extraneous light was excludecl from the 
set-up by means of black cloth. The turntable, revolving once per 
minute, assured uniform exposure, as i t  was linown that the intensity 
of light differed around the source. Throughout the exposure,* one 
slide was turned spore-side down to serve as a control. After eight, 24 
and 72 hours, other slides were, in sequence, turned over. ThuS, all 
smears were more or less equally exposed as to temperature, but the 
length of exposure to the light varied. After exposure, the spores in 
each smear were suspended in water, diluted serially, and injected into 
grubs. The grubs were then incubated for two weeks at  78" F., and 
the incidence of disease determined. The spores produced snch a low 
incidence of disease that a dosage-response was not evident, and so 
coiilcl not be plotted. Consequently, the results are tabulated in 
Table 6. 

The low amount of disease, even in the control, implies that the 
grnbs were low in susceptibility or the spores were low in virulence. 

' 

-,i 
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Although an inhibitory effect of ultraviolet light is clearly indicated, 
the experiment was repeated in  the same way except that  the periods 
of exposure to the light were reduced to two, four and eight hours, and 
higher dosages were ernployecl in the inoculations. Again, except 
among the grubs inoculatecl with the unexposed spores, the results 

--. ---. -
Per  cent Per  cent 

Doqajie discase Dosage disease 

191 0 
' 

'579 5 
8 hour cxposure 20,577 0 72 Iiour exposure 5,462 0 

7,280 0 4,054 0 
4,826 0 2,364 0 
3,091 0 766 0 

386 0 579 0 

were too erratic to plot in terms of logarithms and probits. This is 
not unusual when the response is of a low order of magnitude. They 
are tabulated in Table 7. 

TABLE7. OF 	 FROAI.~NJECTIONSPORESINCIDENCEDISEASERESULTING OF TREATED 
WITH ULTRAVIOLETLIGHT 

Per cent Per cent 
Dosage disease Dosage disease 

Control 	 74,903 73 4 hour exposure 73,938 0 
40.083 76 	 34.818 0 

2 hour exposure 	 68,340 0 8 hour exposure 73,166 0 
32,182 17 34,455 0 
18.285 4 	 19.576 3 

Again, i t  is clearly evident that  ultraviolet light has an inhibitory 
effect upon spores of B. popilliae. There is not much difference in 
results observecl among the three lengths of exposure, so from this 
experiment the inhibitory effect of ultraviolet light upon milky dis- 
ease spores can not be evaluated in terms of length of exposure. Un-
doubteclly, some of the spores received protection from the light by 
orerlying spores. So  far ,  no attempt has been made to correlate the 
effectiveness of the sunlamp in  reducing spore potency with that  of 
the sun itself. It i s  probable, however, that  the spores are sufficiently 
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protected by the carrier in the clust and become incorporated in the 
soil soon enough so that, in most cases, the ultraviolet light is less 
important than other factors in  limiting the effectiveness of the milky 
disease as a control agent against the Japanese beetle larvae. 

Effect of pH on Potency of Spores 

I f  the potency of spores of B. poyilliae was modified by differ- ' 

ences in pH,  the reaction of the soil to which the bacteria were ap-
plied might conceivably affect the results in  terms of control. A pilot 
test was made by preparing a series of buffered solutions, ranging from 
p H  3.2 to 8.0. Into z t  5 cc. portion of each solution was aclded a loop-
ful  of a concentrated suspension of spores. After 48 hours, uniform 
volumes of each solution were injected into ten beetle grubs. These 
were then incubated for  ten days a t  86" I?., and the inciclence of dis-
ease mas determinecl. Since one or two grubs clied in'each of several 
groups, the results are expressed in the following table in terms of 
per cent of the survivors, although this represents a consiclerable ex-
tension of the data. 

TABLE8. INCIDENCEOF DISEASERESULTINGPROM INJECTIONOF SPORESSUSPENDED 
IN SOLUTIONSDIFFERINGIN PH 

- - --. -

p l l  of  volution Per cent of surviving grubs diseased 

Although only ten grubs were inoculated with each suspension 
and the dose of spores was not standardized, the decrease in potency 
with lower p H  seems too systematic to be fortuitous. There seems -
little doubt, therefore, that  an acid environment is detrimental to spores 
of B. popiZZiue. Soils usually encountered in  turf harboring Javanese 
beetle grubs do not have a range as wide as that  employed.above. 
Few soils in Connecticut, for  example, exceed the limits of p H  4.5 and 
6.5. Consequently, striking differences might not appear between . 
spore-containing soils of different p H  in regard to potency in causing 
disease. Nevertheless, the following experiment was conducted in an 
effort to  determine any effect of soil p H  on potency of spores. 

Various soils naturally differing in p H  have the disadvantage of 
varying also in  elemental substances, texture, colloids, moisture equiv-
alents, etc. Consequently, a soil of low p H  was found and divided 
into six portions. By titration, an estimate was made of the amount 
of hydrated lime required to bring the soil up  to the desirecl pH.  The 
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lime additions were made, resulting in soils of six p H  levels: 4.85, 5.00, 
5.20, 5.49, 6.00 and 6.60. The  soil of each p H  level was thoroughly 
mixed and divided into portions each weighing 440 grams, moist 
weight. I t  was desired to have the soil contain bacterial spores for 
various lengths of time and then to test the samples for potency in 
causing milky disease. This coulcl have been clone in two ways, either 
by inocillating the soil samples a t  one time and testing a t  different in- -
tervals, or  by inoculating the soil samples a t  different times and testing 
all a t  once. The latter method was employed as it was believed that  
spores from different sotzrces might vary less than g u b s  coming from 
different sources or kept under different conclitions. 

Four soil samples a t  each p H  were inoculated with serial doses of 
spores on each of three dates to give exposure intervals of two, four 
and eight weeks. Upon the addition of the inoculum, the sample was 
thoroughly mixed in  a small crank-operated food knixer, and tllen 
placed in an ice-cream container. A11 samples were kept in a coilstant 
temperature room, ancl the moisture of the soil was maintained by the 
addition from time to time of uniform quantities of water. Pooled 
blood freshly drawn from a large number of diseased grubs served as 
the source of spores. The soil was insufficient for three complete 
series, so, for the soil of p H  6.6, two ~veeks exposure was omitted. 

A t  the time of testing, 25 grubs were exposed t o  each soil sample, 
to which grass seed was added to provide food, for 17 days at  78" F. 

' 

The incidence of disease was cleterininecl by microscopic examination 
.of the blood. 

The results obtained indicated that  the three lots of spores varied 
considerably in potency, the lot exposed to the soil for four weeks 
being the most poteni, and that exposed for two weeks being the least 
potent. The  17 different dosage series were calculated in terms of 
logai-ithrns and probits, using weights and corrected probits (Bliss, 3 ) .  
I n  only three series was a significant departure from linearity indi- 
catecl by the chi-square test. I n  view of the generally consistent 
graded response to various spore closes, however, the stf i ight  line 
probably represents the best estimate of the response even. in these 
three cases. 

The spores exposecl to the soi1,for four weeks produced t$G most 
satisfactory response, presumably because of their greater ISotency. 
The calculated regression lines for the series in this group are shown 
in Figure 23. T o  avoid confusion, the indiviclual points are not plot- 
ted, but the chi-square test indicated that  all series could be satisfac- 
torily represented by straight lines. As determined by analysis of 
variance, i t  may be concluded that  neither the slopes nor the posi- 
tions of the regression lines differ significantly and, consequently, the 
effect of soil p H  on spore potency may probably be considered neg- 
ligible. The same conclusion, as juclged by analysis of variance, can 
be drawn from the assay of soils containing spores exposecl for two 
weeks and eight weeks. Even though the differences are not statis- 
tically significant, a suggestion can be seen from the data to indicate 
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FIGURE23. Incide~iceof disease among grubs incubated in spore-containing soil 
of different pH. 

that the potency of spores might be favored by the higher pH. Table 
9 indicates the number of spores required to cause disease in 50 per 
cent of grubs incubated in the soil, as calculated from regressidri lines 
using the combined slope of all series within each group. I n  two of 
the three groups, there seems to be some tendency for higher potency 
in soils of higher pH. r. 

j 

X 

Spores exposed in soil 
;oil DH 8 weeks 4 weeks 2 weeks 
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From a practical point of view, the effect of soil p H  on the poten- 
cy of spores of BaciZhs  popizliae can presumably be neglected. 

Effect of Temperature on Spore Potency 
The spores of B. popiZliae are so resistant to heat that this is not 

a limiting factor in the field use of the bacteria. For laboratory prac- -
tice, however, i t  is useful to know the thermal tolerance of the spores. 
Dutky (12) found that spores withstood the temperature of 80" C. 
(176" F . )  for ten minutes. The present writer founcl that spore suspen- 
sions lost little potency when maintained at 194" F. for ten minutes, but 
that they lost almost, but not entirely, all potency when refluxecl 
(212" F.) for ten minutes. An intermediate effect was noted with 
spores held a t  203" F. for ten minutes. Since the loss of potency is 
probably affected by the length of exposure to high temperature, a test 
was designed to evaluate this. Since the greatest loss in potency 
occurs between the temperatures of 194" F. and 212" I?., 205" F. was 
arbitrarily chosen for testing as i t  could easily be maintained in the 
water bath employed. Four series of spore suspensions in serial dilu- 
tions were prepared. For s control, one series was left untreated. The 
others, in test tubes, were placed. in a hot water bath. A thermometer 
inserted in one tube served as a temperature check. When this 
reached 205" F., the temperature was maintained there. A t  the end of 
two minutes, one series was removecl from the bath; at  the end of six 
minutes, another series was removecl, and the thircl was removed after 
18minutes. The snspensions mere then used to inoculate grubs, which 
were reared for two weeks a t  78"F. As with the ultraviolet treat- 
ments, the heat treated spores procluced such low and erratic results 
that the incidence of disease could not be satisfactorily represented on 
a logarithmic-probability grid. Accordingly, the results are here 
tabulated. Although i t  is clearly evident that the potency of spores is 
largely lost at  this temperature, the lengths of exposure, witJlin the 
limits of this experiment, are of little difference in their effect. Un-
doubtedly, many spores were killed by heat before the temperature of 
the suspension actually reached 205" F. -. 

.-
Per cent of gruhs diseased 

Spores exposed to 20S0 F. --. 
Dosage Control ? minutes 6 minutes 18 minutes 
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Effect of Successive Passages Through Hosts on Spore Potency 

I t  is usually postulatecl that  the virulence of pathogenic bacteria 
increases upon successive passages through a series of susceptible hosts 
of the same species. Some eviclence of this has been observed with 
the milky clisease organism, but when attempts have been made to 
evaluate critically such an effect, serious cliscrepancies appeared. For  
example, eight successive passages were made. I n  the first, second, -
fourth ancl eighth, inoculations mere made in a dosage series for com- 
parison. Inoculations in intermediate passages were made to con-
tinue the strain, but without regard to  dosage'ancl response. The 
number of spores required to cause 50 per cent clisease among the 
grubs in the four observed series was estimatecl in rouncl numbers to 
he as follows: 

First passagc 8,000 spores 
1

Second passage 1,000 
Fourth passage 2,000 
Eighth passage 70,000 

Although the second and fo111.th 1)ahs:iges inclicate spores of great- 
er viriilence than those first inoculatecl, the spores used in the eighth 
passage seemed to be very low in virulence. I t  must be remembered. 
however, that  the susceptibility of grubs, as well as the virulence of 
the spores is involvecl ancl, in many cases, cannot be distingnished. 
I n  such a test, when the successive transfers are made over a period of 
time. i t  is impossible to maintain a. host population in a uniform con- 
dition. Also, the selection of spores from among the diseasecl g p b s  
may have a bearing on the results. I n  view of these considerations. 
the problem may be principally one of technique. 

Another approach mas inacle which, in adclition to thio\ving light 
on the problem of increasing rirulence with successive passages. i n -
dicated a means of selecting a more virulent strain of the bacterinnl. if 
~ u c hwere possible. It can he seen from the closage response that very 
low doses cause clisease in very few grubs. It seems reasonable to sup- 
pose that  the few grubs which clo become cliseasecl when few spores are 
injected parenterally are more susceptible to the disease than other 
grubs, 07' the few spores causing clisease in these gnibs are more ?vini- 
lent than the other spores. Accordingly. spores were inocnlatecl: into 
Japanese beetle grubs in serial dosages of relatively low concent>%- 
tion. The gruhs hecoming diseasecl as a result of the lowest dose lo-
jectecl ser~,ecl as the spore source for  the nes t  scries of inoculations. .*'
This was repeater1 for a total of five passnces. Unfortiinately, the 
supply of griihs available became depleted. ancl the experiment coulcl 
not be properly concli~clecl. The results obtained art? represented in 
Fignre 94. To aroid confusion. the mat he ma tic all^^ fitted lines are 
shown without the inclividiial points plotted. Tn each case, however, 
the recression n7as satisfactory. as shown by the chi-sqnare test, and 
consistent with the numeroils other I - ~ S P O I ~ S ~ Sto injection of spores 

a Ions. in serial voncentr t ' 
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NUMBER OF SPORES PER GRUB 

FIGURE Incidence of disease among grubs inoculated with spores derived 24. 
from successive passages through host. First to fifth passage, inclusive. 

The results obtained from the first two passages are not signifi- 
cantly different. The thircl and fourth passages, on the other hancl, 
show progressive ancl pronouncecl increases in the inciclence of clis-
ease resulting from a given dosage of spores. The fifth passFge fails 
to continue the trend, closely conforming to the thircl passage. This 
casts cloubt on any generalization as to the selection of a more virulent 
strain of bacterium. Hacl an aclequate supply of grubs been qvail- 
able, the selected spores conlcl have. been compared with sporeF ob- 
tained a t  random from other infected grubs to determine if the I-righer 
incidence of disease mas due to increased virulence of spores or to in- 
careasecl susceptibility of grubs. 

X repetition of this experiment had to be cliscontinued before i t  
hacl progressed very far.  Again, the reason nras an inadequate supply 
of grubs clue to an iinusually high rate of mortality among those held 
in storage. 

Effect of Refrigeration of Spores in Water Suspension on Potency 

I n  one experiment a,lready reported (Bearcl. 2), i t  was very evi- 
dent that spores lost considerable potency when suspendecl in water 
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and kept in a refrigerator for two weeks. This observation has not 
been consistent but, in one test in which spores in a water suspension 
were refrigerated for 20, 40 and 80 days,.a progressive loss of potency 
was noted. I n  these cases, the effects of refrigeration ancl of contact 
with water were not segregated, and may, in  fact, have little practical 
significance, as soil assays have inclicated that spores may remain 
viable with little loss of potency when left over winter in the surface . 
layers of soil outdoors. 

NUMBER OF BACTERIAL SPORES PRODUCED IN 

JAPANESEBEETLE GRUBS 


Number of Spores Produced per Host 
Where interest centers around the procluction of spores of R. 

popiBiae for artificial dissemination, the number of hc te r i a  to de- 
velop within an indiviclual host is of some importance. Dlltky (12) 
statecl that  as many as 20 billion spores were found in a single in- 
dividual grub. Langforcl, et  81. (26) reported that  the average num- 
ber of spores procluced in an indiviclual was 500 million in the adult 
beetle and two billion in the larva. The maximum number in any one 
indiviclual observed by the present writer was slightly over foiir bil- 
lion, the average being, as Langforcl foiind, about two billion. 

Effect of Host Size on Spore Yield 
The number of spores produced seems tb  bear little relation to the 

size of the host, as judged bv weight. Twenty-three diseased grubs. 
chosen a t  random, were inclividually weighed in a weirhing bottle, ancl 
the total number of spores present was determined by grincling the 
specimen in a mortar, snspendinc the material in a known vohime of 
water. and counting the bacterial spores hv the use of a bloocl-counting 
chamber. The number of spores procliiced, ranging from 650.000.000 
to  3,462.500,000, showed a poor correlation with the hocly yeight of 
the grubs. as can be seen from Figure 25. 

Effects of Incubation Temperatures and Inoculum on Spore Meld 
It has been recommencled that,  for the nrorluction of spores, inoc- 

ulated gmbs should be incuhaterl at  the relatively high temneratnres 
of 85 to 87" P. to yield the maximnm number of spores. 'In this labor- 
atorv. however, mortalitp of grubs w a ~  enoilph greater a t  these tem- ;
~era tn res ,  than when they were maintained a t  temperatures of 75 to " 

78". t o  warrant a check on the effect of temperature and spore vielcl. 
a I n r  At the same time. i t  was desirable to define the effect of inocnl t' 

dose upon spore yield. R correlation of which was noterl hp White and 
Dutky (47). 

I n  an initial test. a series of crnhs was inoculated a t  five dosage 
levels and maintained at  each of three temperatiires: 60". 75". and 
85" F. No disease cle.i~elopcc1 among thc grlths helrl a t  60" but, at, thc 
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FIGURE25. Spore yielcl relative to body weight of host grubs. 

other temperatures, the characteristic dosage-response was obtained. 
Among the'grubs held a t  8.i0, those obviously cliseasecl after 12 days 
a.nd, among those helcl a t  75", those diseased after .l4 clays were dehy- 
clratecl, weighed, and the spore yielcl determined in the same manner 
as clescribecl above. The results are tabulated below, the number of 
spores representing the men.n of ten counts in each case ancl expressed 
2s the number of spores per ~ 1 1 b  ancl a.1so the number per gram of 
clrp weight of grub:  .n 

Number of spores Number of spores pgr gram 
Dose Temperature per grub of dry weight of grub 

none' diseased 
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Clearly, there is poor correlation between spore yield and either 
temperature or dosage. The spore yields, however, appeared unrea- 
sonably low, and i t  is believed that  this is clue to the fact that  the 
cleterminations were made with clehyclrated material and that  aggre- 
gations of spores with the bocly tissues of the grubs were not com-
pletely broken up in the grinding process. Accorclingly, in two sub- 
sequent tests, spore yields were determined from grubs killed but not 
dehydrated. 

I n  one test, grubs were inoculated with one dosage and maintained 
a t  each of three temperatures: 66", 76", a,nd 86" F. Forty grubs were 
so treatecl a t  each temperature, the inoculum being 521,000 spores per 
grub. The spore yielcls from the grubs which became cliseasecl were 
as follows : 

Number' of spores Number' of spores per gram 
Temperature per grul, of body (live) weight 

1 Based on average of five counts. 

Here, again, there is no well-definecl correlation between temper- 
ature and yield of spores. Not only was the yield a t  66" much lower 
than a t  the other temperatures, but the inciclence of clisease among 
grubs held at  this temperature was low, and the rate of development 
of the bacteria was greatly retarclecl. A t  the two higher temperatures, 
the yield was actually greater a t  76" than a t  86", although, in view of 
the counting technique employed, the difference may not be actually 
significant, even tho~igh statistica!ly SO. 

I n  the other test, grubs were inoculated a t  five dosage levels and 
maintained a t  one teml)erature (78" F.). Again, 40 grubs were used 
in each case, with the results as follows : 

Number' of spores Number' of spores pejgram 
Dose per grub of body (live) weight 

1 Based on average of four corlnls. 

Again, fhere is no trend in spore yield, either on an inclividual or on a 
weight basis, which can be associated with the dosage of spores in- 
oculated. 
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On the basis of these experiments, it may be concluded that, when 
grubs are incubated a t  temperatures which favor the development of 
the milky disease, the yield of spores of B. popgliue per cliseased grub 
is independent of the actual temperature employed, the dosage of 
spores inoculatecl, or the body weight of the individual. The tinie 
of disease development is, of course, ntf'ected by the temperature of in-
cubation ancl probably, to some extent by the dosage of spores inocu-
lated. 

Although individual grubs may beconle diseased by ingesting 
spores placecl in  turf artificially, the successful use of the milky dis-
ease spore dust (or its equivalent) as a control measure depends upon 
the transmission of the disease from grub to grub anql the consequent 
increase and spreacl of the bacteria from the original treated spot. 

Methods of Disease Transmission . 
The living cliseasecl grub may serve as a source of infection for, 

as previously notecl, i t  may be bitten by a healthy grub, the latter 
thereby swallowing a mouthful of blood containing the infective 
agent. Both regetative and spore forms of the bacterium may be 
effectively transmitted in  this way. Whether o r  not a deacl grub con-
taining B. popilliae in its vegetative form alone may serve to transmit 
t.he disease has not been tested. \\Then grubs containing mature spores 
(lie, they soon clisintegrate, thereby liberating the spores which become 
incorporatecl in the soil. The rate of decomposition might have a 
bearing dn the rate of disease transmission and is undoubtedly af-
fected by the moisture conclitions ancl the micro-flora and -fauna of 
the soil. 

Relative Effectiveness of Different Spore  Sources 

The relative effectiveness of different spore sources i*- causing 
disease mas tested in the following manner. As a control. 100 grubs 
were reared in 100 cubic inches of sterilized soil to  which grass seed 
was added to provide food. I n  the test groups, 98 healthy pubf'were 
placecl in 100 cubic inches of similar soil, and the inoculum wasiadded 
in the forms listecl in Table 14. I n  all groups, the inoculum was 
placecl in the same spots relative to the healthy grubs. The grubs a t  
the start were placecl uniformly over the area of 100 square inches 
(depth of soil being one inch), but their movements were not restricted 
by any barriers. The grubs were thus incubated for  ten days a t  78" F. 
They were then removecl from the soil, but immediately replaced in 
the same soil with barriers limiting the individual grubs to a space 
of one cubic inch. This  was done in order that  any secondary infec-
tion. clue to the transmission of the bacteria by grubs early acquiring 
the disease. would not confuse the results. One week later the in-
cidence of disease among the living grubs was detenninecl, as follows: 
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Case Per cent of grubs 

No. Source of spores infected 


2 third instar grubs, incubation phase of disease 

2 second instar grubs, disease complete 

2 third instar grubs, disease complete 


(inoculated two weeks prior to test) 

2 third instar grubs, disease complete 


(diseased for over one month) 

2 third instar grubs, disease complete, grubs killed with cyanide 

Blood from 4 diseased grubs placed in two spots 

10 grams of soil in which 2 diseased grubs had disintegrated, 


placed in two spots 

Control, no inoculum 


These data suggest that the inoculants may be .grohped into three 
categoried which cause a low, intermediate ancl high incidence of dis- 
ease. As might be expectetl, grubs containing only vegetative rods 
(case 1) transmitted the s~nallest amount of disease. Intact grubs1, 
whether alive or  dead, containing mature spores (groups 2, 3, 4, 5 ) ,  
were responsible for  an  intern~ediate amount of disease, while the 
highest incidence of disease resulted from spores which were in direct 
contact with the soil (groups 6 and 7). Spore dust was not tested, 
a s  equivalent dosages would have required about 40 grams. This 
would not only have been too bulky but, as  concentrated masses, 
would probably inhibit free nlovanlent of p u b s  through i t  and inges- 
tion of the contained spores. 

This esperiment was repeated in essentially the same way, but 
fewer inoculants and fewer grubs were used in the same amount of 
soil. Only 63 healthy grubs were used with half the inoculum used in 
the previous test. Sisty-four grubs served for  a control. The inoc- 
ulants used and the resultant incidence of disease are indicated in 
Table 15. . .. 

TABLE15. INFECTIONOF GRUBSFROM DIFFEREXTSPORESOURCES 

Per cent of bubs 
Inoculum infectejd 

1 grub, incubation phase of disease 0 
1 grub, completion phase of disease 0 
5 grams of soil in which 1 diseased grub hat1 disintegrated 35 
Control, no  inoculum 0 I-

The results of this test give little information, but do serve to 
emphasize the greater effectiveness of spores in actual contact with the 
soil. The lower incidence of disease presumably reflects both the low- 
er  population density and the ~edncetl  inoculum. 
1These grubs dlcl not necessarily remain intact during the course of the experiment. 
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Effects of Grub Population and Inoculum Potential on Disease 
Transmission 

Communicable diseases spread most rapidly in a concentratecl pop- 
ulation of susceptible individuals, and i t  is to be expected that  the 
milky disease will build up  more rapidly the heavier the beetle grub 
population. Evidence for  this can be seen in the following laboratory 
test, in  which both the grub population and the inoculum potential 
were varied. Populations of 100, 50 and 25 grubs were reared in 100 
cubic inches of soil (100 square inches, one inch, cleep) to which grass 
seed had been added to provide food. I n  each population group, one, 
four and 16 grubs, diseased in  the completion stage, constituted the 
inoculum potential. After  20 clays, the resulting inciclence of disease 
was recordecl as in Table 16. 

Original population Population after 20 days 

KO. healthy 
grubs 

No. diseased 
grubs 

Per cent 
diseased 

No. healthy 
grubs 

No. diseased 
grubs 

Per cent 
diseased 

99 1 1 27 41 60 
96 4 4 32 47 59 
84 16 16 10 60 86 

I t  should be noted tha t  while the actual inoculum potential (one, 
four, 16 diseasecl grubs) was the same for  each population .level, the 
number of cliseasecl grubs relative to the number of healthy grubs a t  
the start of the experiment was f a r  greater a t  the lower population 
levels. This, together with the fact that  the number of individuals 
involvecl in the lower population levels is less, makes i t  difficfilt to  
evaluate the data on a statistical basis. Riioreover, during a 90-day 
rearing period, there woulcl be an opportunity for a secondary infec- 
tion to  be realizecl. Tha t  is, the first grubs to become infected could 
in turn  serve to infect other, healthy, grubs. Nevertheless, the in- 
creased inciclence of disease relative to the higher inoculum potential 
is clearly evident and. if the infection is considered in terms of the 
percentage of cliseasecl grubs present (i. e., the increase in percentage 
diseased), the inciclence of disease increases progressively with the 
heavier population. This experiment indicates, however, tha t  a heavy 
population can compensate for  a low inoculum potential and, con- 
versely, a heavy inoculum potential can compensate for  a low popula- 
tion in causing a resultant high incidence of milky disease. 

-

, 
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Another laboratory test of the contagion factor was made similar 
to the one cliscussecl above. I n  this case, the inoculum potential was 
lrept uniform relative to the soil area, but the population of grubs 
was varied. I n  order tha t  n more or less equal number of grubs 
mould be tester1 a t  each population level, larger soil areas were used 
for  the smaller population. One grub containing mature spores con-
stituted the inoculum for  each 100 sqnare inches of soil, one inch cleep. 
Healthy grubs a t  the rates of SO. 26, eight and three per 100 square 
inches were introduced and incubated for ten days a t  78" F. The grubs 
were then removecl ancl replaced in sterile soil, isolated from each 
other, and incubated for  another ten clays before the incidence of dis-
ease was determined. This method of handling prevented additional 
infections arising from grubs early acquiring the clisease. The  results 
obtained are indicated in Table 17. 

After incubation 
Inoculum Total 

Area of soil, No. diseased Healthy grubs grubs Grubs Per cent 
1 inch deep grubs placed present diseased diseased 

100 sq. in. 
300 
900 

This only adds further weight to the conclusion that  the milky 
disease is contagious in the sense that cliseasecl grubs may promptly 
pass on the clisease to healthy inclividnals. and that  this occl~rsto a, 
greater extent ~ 4 t han increasing density of population. 

In  the laboratory tests cliscussecl a,bove, t.he time (luring which 
infection coulcl occur wa.s limited in orcler that  t'he incidence.,of dis-
ease would primarily measure the effect of more or less clirect trans-
mission of the clisease from grab to grub. Further con~municnhility 
of the clisease results from the subseqnent death of the cliseasetl grubs 
ancl t,he consequent increase in the spore population in the soil. j The 
rapiclity with which this occurs is affected by the original rate of hfec-
tion as determined by the population of gruhs and the inoculnm poten-
t,ial of the bacteria, the feecling intensity of the $rubs, the mortality 
rate of the diseasccl grubs, and the rat,e of body dlsintegra.t,ionfollow-
ing clea.th. 

Infection Rate Anlong Grubs Incubated with an Increasing Inoc-
ulum Potential. 

I n  a nuliiber of tests on third illstar grubs, a trend of increased 
clisease could not be ciefinecl because the original infection rate was so 
low that most of the p n b s  pupated before the clisease beca.me well es-
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tablished. I n  one case, however, the disease clid increase rapidly and 
its trend can be. followed. Ninety-nine healthy, fielcl-collectecl grubs 
were removecl from cold storage where they hacl been liept, and placed 
with one diseased grub in 100 cubic inches of sterilized soil to  which 
grass seecl was aclclecl to provide food for the grubs. The grubs, in-
cubated at  '78" F., were examined a t  weelily intervals, each time be-
ing  replaced in the same soil, to which water and grass seecl were -
addecl as needed. The results of the observations are tabulated below : 

Per cent of 
Time, Numher of ~ r n b s  ?\'umber of grubs grubs present
weeks present diseased diseased 

Of this group, only one grub pupated (after six weelis) and em-
ergecl as an aclult. A11 others became djseasecl or for  some other rea-
son died before completing their clerelopment,. The total number of 
grubs cliseasecl is not linown, as any given count inclucles some grubs 
that hacl been cliseasecl a t  the time of the previous examination. 81-
though there is no cloubt that a large proportion dicl acquire the dis-
ease, i t  can be seen that  in spite of an increasing number of- spores 
present in the soil, some few grubs failecl t o  become infected. Rut 
even these clierl before pupating. It may be that  their feeding in-
tensity nras too low to permit either their pupating or acqniring.the 
disease. The upward trend in the incidence of disease, a t  least pnt i l  
i t  reachecl a lnasiinum of 68 per cent, is of such s nature as  to suggest 
n possible logarithmic increase jr! the number of spores available as 
inoculum. I t  should be noted thnt the per cent of grubs diseased, 
basecl on the number present at the time of obsersat~on,rises t o  a 
peak and then declines, in  spite of a progressive increase in  spores 
clue to the disintegration of diseasecl grnbs. 

I n  this experiment, the increa~ein spore number was terminated 
by the decimation of the supply of susceptible grubs within the area 
observed. second experiment served to indicate the trend where a 
lack of susceptible grubs nlas not n limiting factor. The experiment 
was ~oniliictecljust like the previous one except that. a t  the time of each 
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weekly observation, llealtliy field-collected grubs \vhich hacl been kept 
in cold storage \Irere aclclecl t,o replace those which had succumbed the 
previous week. I n  other worcls, a t  the beginning of each meek, 100 
grubs were present in the 100 cubic inches of soil used in the test. 
After the sixtll \reel< no flirther additions mere made, for  by this 
time t,he accuinulation of cleatl grubs ancl their clecomposition pro- 
ducts together \vith putrefactive bacteria created an unfavorable en- 
vironment. The results are inclicatecl in Table 19. 

TABLE 19. INCIDENCE DISEASE RELATIVE AN INOCULUMOF TO INCREASIXC 
POTENTIAL 

Per cent of Sumber of 
Time, 
weeks 

Number of grubs 
~ r e s e n t  

Nitlnbcr of pntljc
d~ceased 

grul)s preqent 
(liccacerl 

11e.1lthy grulxs 
added 

This test clemonstrates a trencl observed in the preceding test. 
namely, that  even though there is a progressive increase in the spore 
content of the soil, due to the contribution made by the death and dis- 
integration of diseased grubs, there is not a corresponcling increase in 
the incidence of disease as  juclgecl solely by the per cent of grubs clis- 
eased a t  the time of observation. Instead, the incidence of diseasc in- 
creases to a point and then declines and, in this instance, a second rise 
followed. 

The rise ancl fall of the percentage of grubs diseased, observed in 
both of the above tests. is c111e to the slow action of the c l i s e a ~  in 
causing cleath. A t  the heginning of the test, the rate of infectidn in- 
creases more rapidly than the death rate clue to milky disease. There 
comes a point, however. mliere the death rate is more rapicl t?han the 
rate a t  which the remaining healthy grnbs become diseased ancl. as a 
consecluence, the incidence of clisease, as ji~clgecl hy the per cent of grubs 
infected, declines. I n  the observations recorrlecl in Table 19, the in- 
crease in death rate is obvious from the number of grubs that 11acl to 
be adclecl each week to replace the dead ones. Not all of the deaths 
were due to ~nillcy clisease but, as inclicated above. some were clue to 
the unfavorable environment created by the decomposition of so many 
grubs. H a d  this not been a factor. n continuation of the experiment 
would unclonhterlly have clemonstrated a periodic or, a t  least, a polv- 

I 
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modal, curve with, presuma,blg, a decreasing amplitude. The rea-
sons for this are that, nrith an increasing death rate due to  milky 
clisease ancl the adclition of healthy grubs, the percentage of diseased, 
living grubs would decline. This ronlci reach a low point, and then 
the rate of infection anlong the :~dded'grubsI\-oulcl again exceed the 
cleat11 rate to initiate a new curve (unless other facts interfered wit11 
the infection). A stabilized condition could be reachecl only if the 
death rate eclualled the rate of infection. 

An attempt was made to evaluate the effects of inoculun~yoten-
tial ancl populatioll clensity uncler field conclitions. In a turf area 
where the grub population was estimated on the basis of ten square 
foot samples to be about 3.3 grubs per scluare foot, nine plots mere laid 
out. Each plot containecl 29 square feet ancl was bounded by strips of 
heavy tar roofing paper set vertically in the ground to prevent migra-
tion into ancl out of the plot. During the first week in May, 1!)44, 
grubs were addecl to six of the plots, leaving three with an undis-
turbed population. To three of the plots, 15 grubs per square foot 
were aclclecl ancl, to the other three plots, 43 grubs per scluare foot were 
adclecl, introclucing the grubs below the surface of the ground. This 
presumabljr provided three population levels of 3.3, 18.3, and 48.3 
grubs per sqllare foot. On RlIay S. all plots were treatecl with spore 
dust supplied by the Bureau of Entomology ancl Plant  Quarantine. 
Three closagcs were applied a t  each population level a t  the rates of 
1,250,000,000, 2,500,000,000, ancl 5.000,000,000 spores per square foot. 

. These applications were exceedingly heavy, the largest being equiva-
lent to about 4,808 pouncls of spore dust per acre. I n  treating the 
turf,  the spore clust was applied to  the surface as uniformly as pos-
sible by means of a flour sifter. 

By .the miclclle of Jllne. the three plots containing the heaviest 
grub pop~ilationshowed severe feeding inj i~ry,indicating that  even . 
the excessive closages of spores applied clid not act quickly enough to 
reduce the numbers of grubs to a point where obrions feeding injury 
clicl not occnr. 

All plots were examined when the first aclult beetles -\\-ekeob-
servecl in the general region in whicli the plots were located. Oh June 
20, soil samples were taken from each plot by means of an instrument 
used for cutting cnl) plugs in golf greens. Samples were taken to a 
clepth of four inches, I<eeping e;lch inch l c ~ e lseparate. Approximate-
ly 75 cubic inches a t  each level fro111(.:~(*h])lot constituted :I sample. 

i 
The p res~~ i (*eof :~ny.lill)n~~esrI)e(ltlc g r~ ibsor pupae in the samples 
was noted, ant1 the remaining soil ill the plots was examined for all . 

-- \tag's of tlie beetle. The turf - \v ;~sl)i~lleclup ancl thoroughly torn-_ apart,  the nnderlying three incllrs of soil were sifted. and the soil 
to :I clepth of two more inches 1v:ls carefully scratched n-ith a small 

'-hand cultivator to recover all possible indivicl~it~ls.These were talcen 
to the laboratory ancl examined for disease. 
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I t  is possible that a few adult beetles escaped from the plots before 
examination was made, but i t  is believed tha t  the number was negli- 
gible. 

The number of beetles and their developmental stages found, and 
the incidence of disease observed are indicated in Table 20. 

Estimated Spore treatment per plot 1 

original
population 31,250,000,000 62,500,000,000 125,000,000,000 

per plot Total Diseased Total Diseased Total Disei~sed 

1 adult 0 8 adults 0 1 adult 0 
16 pupae 0 21 pupae 0 3 pupae 0 
45 grubs 0 41 grubs 1 10;grubs 0 

82 62 0 70 1(1.5%) 14 0 

28 adults 0 26 adults 1 30 adults 0 
36 pupae 0 30 pupae 0 29 pupae 0 
34 grubs 11 38 grubs 5 34 grubs 14 

358 98 11 (11%) 94' 6 (6%) 93 14 (15%) 
1 

16 adults 0 7 adults 0 4 adults 0 
80 pupae 1 75 pupae 3 22 pupae 0 

173 grubs 75 139 grubs 39 66 grubs 34 

1 Sometime between June 19 and June 29, these two plots were visited by moles, which 
presumably accounted for some reduction in beetle population, particularly in the 
high dose-high population plot. 

These data indicate the incidence of disease only a t  the time of 
observation, and do not take into account the individuals previously 
killed by the disease. On the other hand, there is no justification for  
attributing all the mortality to the disease. Nevertheless, 'several 
conclusions can reasonably be drawn from these data. It is obvious 
that  within the limits of this experiment, the population has a greater 
bearing on the results than has the initial inoculum. Even at  t h c  ex- 
cessive dosages of spores employed, the plots with few grubs shhwed 
little disease present. A t  the higher population levels, the incidence 
of disease does not show as orderly an increase with increased dosage 
as might be expected. I t  is presumed that  greater differences in the 
original inoculum would have resylted in a more pronounced graded 
response. 

The mortality can be seen to increase in the plots containing 
heavier populations and, in two plots (the low population-high dosage 
plot and the high population-high dosage plot), the mortality seems 
unusually high considering the trends indicated by the other data. 
Increasecl mortality wit1 increased dosage is less obvious than with in- 
creased population, but i t  is  indicated in the three plots containing 
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the heavy populations. Some estimate of the role of the disease in 
contributing to this mortality can be obtained by a bioassay of the 
soil in which the grubs fed. 

It was mentioned above that  soil san~ples were taken a t  the time 
the plots were examined. Six or more samples mere taken a t  random 
from each plot. The soil of the samples a t  each level from each -
plot was pooled and thoroughly mixed. Grubs known to be free of 
disease were then introducecl into the soil, t o  which grass seed was 
adcled to provide food for the grubs. After incubation for  17 days 
a t  75" F.,the grubs were examined for disease, the incidence being as 
indicated in Table 21. 

TABLE21. ASSAYOF SOILPROM TESTPLOTS 

Original I 

Depth of population
soil per sq. f t. Low i ~ ~ o c u l u m  Medium inoculum High inoculum 

per cent of grubs infected 

1 inch 

2 


1 inch 

1 inch 

2 


I t  sl~oulcl be noted that, where the grubs are numerous, the diseased 
inclividuals are responsible for  carrying the disease down in ' t l e  soil. 
With the light populations, there is a greater tendency for  the spores 
to remain near the surface. 

Because of the fact that  the incidence of disease is a gradei're-
sponse to the concentration of spores present in the soil, the spore 
population may be estimated by comparison of the response of test 
grubs with the response of similar grubs reared in soil containing 
known numbers of spores. The major clifficulty in such a method of 
bioassay is the choice of a "standard" with which the unltnown can 
be compared for, if interest lies in the probable number, the spores in 
both shoulcl have the same potency. This, obviously, is difficult to  
assure. I n  the present case, the spores present in the test soil can be 
considerecl to be from two sources, (1) those originally applied in 
dust form and (2) those producecl in the grubs themselves and liber- 
ated into the soil following the death of the hosts. An experiment al- 
ready reported, however, indicated that  the potency of fresh spores 
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might be six times as great as that of spores in dust form. Conse-
quently, an overestimate of tlze spore content of the unlrnown soil 
~\loulcl be made if soil contairullg spore dust was used as a standard, 
ant1 an  ~ulclerestinzate lnigllt be made if  fresh spores were usecl as a 
standard. Under such circumstances, a curve based upon the com-
bined data of several tests such as illustrated by Beard (2) probably 
serves as a better stanclard than any one single series, unless the . 
potency of the spores in the test is known to be the same as that  in 
the soil used as a standard. It goes without saying that  the time 
factor should be the same in any assay. I n  tests reported here, 17 
days was arbitrarily chosen since, a t  the temperature employecl 
('78"F.), the disease requires about 12 clays to complete its develop- 
ment after introcluction of spores in the host. A n  adclitional five days 
was allowecl for ingestion of spores. Obviously, all grubs do not in- 
gest effective doses a t  the beginning of the exposurq period, and all 
stages of the disease may be found in grubs. This  necessitates blood 
examination of the test insects to determine all positive cases. 

Using a combined curve derived from three tests, the spore con- 
tent of the nine plots under consideration was estimated. I n  all 
plots, the spore content present in the top four inches of soil slzowecl an 
~ncreaseover the amount placed as spore dust, indicating a contribution 
by diseased grubs. On tlze basis that  each dead, diseased grub con- 
tributed two billion spores, the increase in spore content was sufi-
cient to account for  the observed mortality of grubs in tlze three plots 
with the intermediate population (18.3 grubs per square foot),  but 
was inadequate to account for  the heavier mortality in the three plots 
containing the population of greater density (48.3 per square foot). 
Also, in the plot containing the low population of grubs treated with 
the high close of spores, the increase in spore content was insufficient 
to account for the reduction in number of grubs from 82 to 14. The 
mortality in the other two plots a t  this population level could be ac- 
counted for by millry disease. 

This assay aclds weight to the conclusion that  the host ~Bpulat ion 
has a greater effect on the resultant incidence of clisease than cloes the 
size of the inoculun~. It further indicates that  heavy populations 
may also be subject to other mortality factors which might be- con- 
fused with tlze milky disease factor; if care is not taken to se&egate 
the latter. This seconcl conclnsion is emphasized by the results of 
the following test. 

On Ju ly  29, August 1ancl ~ lug i i s t  3,1944, 96 four-inch flower pots .; 
were each filled with one pint (by measure) of moist, sterilized soil: 
These were divided into t ~ v o  equal series. I n  one series, five, ten or 
20 Japanese beetle eggs were placed in each pot and in the other, ten, 
30 or 90 eggs were placed in each pot. I n  other words, each of 16 
pots had five, 20. 30 or 90 eggs, while each of 32 pots had ten eggs. 
Equal amounts of grass seecl were sown on the surface of the sol1 m 
each pot. A t  each egg population level, spore dust was applied in 
three dosages, of two grams, one gram, and 0.5 gram per pot. Un-
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treated checks were inclucled. Four replicates of each closage a t  each 
population level were providecl in both series. After tlie grass had 
sprouted, all pots were plunged in soil outdoors ancl covered with 
cheesecloth to provicle partial shacle. The pots were watered as 
needed. After 11weeks, the soil in each pot mas carefully sifted and 
tlie grubs counted ancl examined for  disease. Of a total of 276 grubs 
recovererl. only one was cliseasecl, indicating that  the disease dicl not 
"talie". Since almost all of the grubs founcl were only in the seconcl 
instar, i t  is helieved that  low feecling intensity was responsible for 
the absence of disease. But  the survival of gmba relative to the orig- 
inal population of eggs ant1 dosage of spores is of some interest. 
Pooling the number of sllrvivors in the four replicates in each case, 
the data are tabnlatecl in Table 22. 

TABLE22. OF GRUBS 1 7 ~ ~  IN POTTEDSURVIVAI. REAREDFROM DIFFERENT POPUI,ATIONS 
SOIL TREATED WITH SPOREDUST 

- - - ------ - -. 

Ko of arul,. nrcsent after 11 week-

Number of Total Grams of spore dust per pot 
exgsperpot eggs 2 1 0.5 0 

It is o b v i o ~ ~ s  that the nlortality is greater in the higher popula- 
tions. regardless of tlie tliseasc. In  fact, i t  almost appears that, in a 
piven space, a limited number of grubs will clevelop, regardless of the 
original nuniber of eggs present. It is well known that  under crowded 
conditions the grubs nip each other, but the effect of this on niortalitg 
is not known. I t  is very probable in nature that excessive popula- 
tions will not maintain themselves. I f  the millqr disease doe~,,not re-
dnce the number. some otlie~. factor or factors mill. 

FATE OF SPORES IN THE SOIL '. 
f 

I n  many areas, the 1)rOgrRlll of spore clust distribution has' been 
somewhat on :L geographical basis, in some cases being more or  less 
independent of tlie Japanese beetle grub polmlation. Where the pop- 
ulation nrns very low, or even absent. the application of spore clllst 
was believed to assure infection when the beetle did appear or increase 
in numbers. I n  Connecticut, a t  least. application of spores in ad- 
vance of the insect has not proved effective in preventin? beetle in- 
crease, nor even in checlring serious increasing infestat~ons. Such 
failure can easily be explained in terms of inoculum potential and den- 
sity of the host popnlation, but what happens to spores of the milky 
disease in soil not. or lightly, infested by beetle grubs has some bear- 
ing 011 the problem. 
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Vertical Distribution in Soil of Spores Originally Applied to Sur-
face 

An effort was made to trace the vertical course of spores in four 
soils having clifFerent physical characteristics. Since natural soils 
were desired, the test sites were by necessity in different locations and, 
consequently, subject to some cliflerences in weather. Each plot con-
sisted of 25 square feet and was bounded by a strip of tar  roofing paper ' 
placed vertically in the ground. The four soil types can best be de-
scribed by the data in Table 23. 

Plot Moisture Per cent Per cent Per cent Per cent 
no. Location pH eqiiivalent sands silt total colloirIs clay 

1 Windsor 
I 

6.00 7.03 79.8 13.8 6.8 11.46 
2 Mt. Carmel 5.15 17.75 55.0 24.6 26.6 20.40 
3 Cheshire 6.00 19.20 52.8 31.2 33.8 16.00 
4 Mt. Carmel 5.80 18.30 46.6 32.4 26.8 21.00 

I A s  determinecl by the Soils Department of this Station. 

On April 18, 1944, each plot was seeded with a lawn mixture, con-
taining some rapidly germinating grasses, a t  the rate of five pounds 
per thousancl square feet. Due to dry weather conditions, poor stands 
of grass were obtained on all plots with the exception of plot 3. in 
Cheshire. On May 22, 1.230 grams of spore dust were scattered as 
uniformly as possible with a flour sifter on each of the four plots. 
This closage is equivalent to five billion spores per square foot of 
surface. 

I n  plots 1 (Windsor) and 3 (Cheshire), no beetle gl-nbs werr 
present as judgecl by test diggings in surrounding areas. I n  plot 2 
(Mt. Carmel), grubs were present to the extent of about one per square 
foot, whereas about three per square foot were present in plot 4 (Mt. 
Ca.rmel). 

A t  intervals of two weeks. six weeks and 18 \v\-.c.rlisafter the s ores 
were applied to the surface of the soil. samples mere taken to eter-Imine the clisease-producing capacity of the soil. A t  each time, ve 01. 

more samples were talien from each plot hy means of an instrument 
used in  cutting cup plugs in golf greens. A cylindrical core of soil 
was taken of the top four inches ancl dividecl into one-inch sections. 
The samples from each inch level from each plot were pooled. sifted 
through an eight-mesh screen, and thoroughly mixed in a small barrel-
type miser. Moisture ancl p a s s  seed were adcled, and grubs were in-
troduced. Forty isolated grubs were used in each sample. Since the 
assays were made on three different occasions, grubs were reared in 
soils containing known numbers of spores in serial dosages to provide 
standards for  comparison. By using the three standard dosage-re-
sponse curves, the probable dosage of .;pores in each unknown sample 



Pate of Spores in the So3 

could be inferred and, by reference to a common curve based on the 
combined data of the three st,andnrds, the disease-producing capacity 
of the soil could be corrected in terms of the different susceptibilities 
among the three lots of grubs use'cl. The  results obtained are indi- 
cated in Table 24. 

TABLE24. CAPACITY FOUR SOIL TYPES INTERVALSDISEASE-PRODUCING OF AT AFTER-
APPLICATION SPORESOF 

Plot 

Depth 
of 
soil 

Disease-producing capacity 
as found 

(Per cent of grubs diseased) 
2 weeks 6 weeks 18 weeks 

.Dise?se-producing capacity 
corrected for differences in 

grub susceptibility 
(Per cent of gruhs diseased) 

2 weeks 6 w '7 weeks-
1 1" 44 29 IS 54 16 

2 0 3 0 0 0 
3 6 0 0 7 0 
4 0 0 0 0 0 

A peculiar aspect of these data is the increase in the disease- 
producing capacity of the soil testecl six weelrs after the application of 
spores. This might be accounted for in plots 2 and 4, if i t  ?ere as-
s11nlc.d that an occasional grub became cliseasecl to contribute acldi- 
tioriai inoculum. This is unlikely, since plots 1 and 3 presumably 
harbored no grubs, and yet they, too, showed an increase-at. least 
if the cor~aected data are consiclered., One explanation might b 'that, 
at the time of the first assay, a large part of the spores mere ad 4erent 
to the grass, which was removed when the samples were sifted. By
the time of the second assay, the spores coulcl have been mashed into 
and become a part  of the soil. Another possibility is that the assay 
itself overestimated the disease-producing capacity of the soil. This 
could happen if the grubs i~seil in the unknown soils mere more sus- 
ceptible than the grubs reared in the soils containing known numbers 
of spores. I n  view of the techniques employed. i t  is cloubtful if such 
systematic differences could be explained in this way. Still another 
possibility is that  the spores are actually favorecl by contact with the 
soil. I n  view of the subsequent decline, this seems improbable, al- 
though a suggestion of the same effect can be seen in a test earlief 
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described in which spores exposed to soil during a summer period 
causecl somewhat more clisease than siinilar spores not thus exposecl. 

I n  general, there seems to be a tendency for  the spores to remain 
in the upper layers of the soil. It is possible that  the sampling tech- 
nique used, by allowing a small an~ount  of mixing of the different 
layers, accounted for  a little of the apparent rertical clistribl~tion of 

' spores. But i t  is evident that  some vertical spread cloes occur, and 
strangely enough this seeins more prononnced in the heavier soils of 
plots 2, 3 and 4 than in sandy plot 1. The unpsuallp high clisease- 
producing capacity of the fourth inch sample of plot 4 in the 18-week 
assay is undoubteclly abnormal. I n  this case: i t  is very lilrelp that one 
or more cliseased grubs contrilxltecl adclitional inocl~lu~n to this soil. 

After 18 weeks, there appears some loss in the capacity of the soil 
to produce clisease. This  seems to be more true of the,lighter soils of 
plots 1and 2 than of the he:~rier soils of plots 3 ancl 4. I t  may be that  
the soil colloids are an aid in fixing the bacteria to the soil ancl 
that  the loss of effective spores is due more to a diluting or leaching 
factor than to an actual mortality of bacteria. 

Except for  the sinall differences notecl, the soil types here ob- 
served had limited differential effects upon the fate of spores applied 
to the surface. 

Vertical Distribution in Soil of Spores Naturally Released 

Sorne idea of the distribution of spores in soil in  which the milky 
disease organism has increasecl nntnrallp can he obtained from :In as- 
sap of such soil. I n  a tnrf area of n golf course where the incidence 
of disease vTas Bno~vn to h a ~ c  1)ecn high the prerions pear, soil samples 
were taken of the top three inches in April, 1944. Grubs reared for 
17 clays a t  78" 3'. in these sr~inples became clisensecl to the extent of 90 
per cent in the top inch. .54 per rent i n  the second inch, and 46 per cent 
in the third inch. This confirins the conclnsion that  the spores tend 
to be more abiinrlant in the qnrfi~ce layers of the soil. . n 


THE EFFECT OF MILKY DISEASE ON DEVELOPING 
POPULATIONS OF JAPANESE BEETLE LARVAE ," 

1 

The experiments cliscussed above were clirected largely towards an 
understanding of the incli~iclual factors that affect the infection of 
,Japanese beetle g r ~ i b s  hy RrrcilZ~ls pop2l&c! ancl transmission of th-  
orpanism from host to host. &In integration of these factors map be 
observed to some extent when clereloping populations in the presence 
of the milky disease organism are closely observed. 

Developing Grub Population in the Presence of a Constant Inoc- 
ulum 
Although a natural grub population cleveloping in infected soil 

increases the inoculnm through the aqencies of tleath ancl clisintegra- 



tion of diseasecl grubs, i t  is clesirable to lmow tlie effects of the disease 
when the spore content of the soil is not increased. Such effects were 
observed in the following manner. 

Japanese beetle eggs were obtained by enclosing aclult beetles in 
cluart jars contairiing a sniali quantity of moist soil. Food in  the 
iorrri of smartweed slioots or soybean leaves was suppliecl to tlie beetles 
daily. Eggs are readily deposited under such conditions and may -
be isol~~tecl by sifting tlie soil. The eggs were placed on moist filter 
paper ill Syrncnse watch glasses ancl incubateel, at a tenij>eratttre of 
86" 14'. Proinptly upon enierging froin the eggs, the larvae were 
placecl in soil. 1 4  our soil preparations were used-sterilized soil with 
no addition of spores to serve as a control, ancl three lots of soil con- 
taining milky cl~sease spore dosages of 446,000, 893,000 and 1.786,000 
spores per gram, dry weight, of soil. Spore dust, suppliecl by the Bu-
reau of Entomology ant1 Plant  Quarantine, served as the source of 
spores. The newly-emerged first instar grubs mere placecl in Petr i  
dishes containing the preparecl soil. A t  the beginning? 25 grubs were 
I-earecl in one dish but, as grubs diecl, the aillount of soil available per 
grub increasetl acc.ortlinglg. A t  the time of the second ecdysis, the 
grubs were incliviclually placecl in Syracuse match glasses for  further 
rearing. Also, any grub becoming diseased, regardless of its instar, 
mas isolatecl for  observation. TVhen i t  died, i t  mas cliscardecl so that 
tlie bacteria contained in its body monlcl not be added to the inoculum 
as preparecl. A t  all times, an abunclance of food was provided and 
~ n o ~ s t u r e  For  a periocl of about two and conditions were inaintainecl. 
il half months, the grubs were rearecl a t  room temperature which 
rangecl from a nlaximum of 92" to a minimum of 64". During the 
latter part of the period. when lower temperatures pertained, the de- 
relolxiiv~~t con-of tlie grnbs was so slollr that all grubs were placed ill  :I 

stant temperature room maintainetl at 78" for the remainder of the 
experiment. 

The grubs \\-ere examined a t  five-(lay intervals, ancl note was made 
of the number of indivicluals, stage of growth, and presence or  ab- 
sence of disease. basing the latter upon macroscopic appearance and 
not 1 1 ~ ~ ~ 1 1  Inclividual records ~nicroscol)ic examination of the bloocl. 
were kept for the g r~ tbs  becoming diseased. r, 

When the data v7ere tabolated, i t  was found that  the usual &aded 
response to increased closages mas not present, but that  in all three 
treated soils, the infection rate mas not significantly different and was 
i.rasonably low. I t  is pres~imed that. because of low potency of the 
spores used. the dosages were inadequate to produce the graded re-
sponse. As s consequence. the data for  the three groups of grubs 
reared in soil containing spores of BaciZlus pop i l l re  are combined. 
I n  the control group, although the sterilized soil was replaced five 
times during the experiment as a. precaution against contamination, 
some noticeable contamination did occur approximately 115 claps after 
tlie beginninc of the observations. After this time. a number of p u b s  
within s~na l l  groups became diseasecl. suggesting a sudden introduc- 
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lion of spores in  concentrated form, such as might result from the ad-
diti'on o t  a diseased grub in disintegrated form. It is not linown how 
this contamination was made. 'l'he amount of disease resulting before 
the contan~inationwas eliminated accounted for  4 per cent of the mor-
tality in the check group, but this came late enough in the experiment 
so that the major trends were unaffected. The only serious conse- . 

quence is that  the amount of pupation in  the control group is prob-
ably solnewhat less than ~twould have been otherwise. TVhen a grub -
pupated, i t  was considered no longer subject to disease, although this 
is not strictly true, and was no longer kept under observation. More-
over, pupal mortality was not observed, so tha t  the mortality noted in 
the summary below is limited to larval mortality. The experiment 
was terminated when all grubs had either died or pupated. 

Although observations were made a t  five-day intervals, the data 
summary ('l'able 25) gives information on ten-day inkervals, as such 
grouping renders some trends more obvious without loss of informa-
tion. The experiment began with 425 control grubs and 1,710 grubs 
in the spore-containing soil. Molting trends and mortality trends of 
diseased grubs in the three instars as  determined froin data in this 
experiment have been tliscussed in a previous section. 

It is apparent from the table that,  under these conditions, the dis-
ease was by no means catastrophic, but i t  exercised a more or less con-
stant depressing action on the population, becoming evident in  the 
gradual increase in  the cumulative mortality due to  disease. The 
greatest mortality occurred in the first ten-days of larval life, before 
the disease had a chance to be acquired. This  is evident, from the high 
initial mortality in the control grubs as well as the grubs reared in in-
fected soi1.l The  observation that  there is no particular time during 
the grub's existence when i t  is more susceptible than a t  other times 
confirms the test discussecl in a previous section in which the three 
larval instars were found to  have similar susceptibilities. From the 
percentage of grubs becoining diseased during each ten-day period, it 
may be inferred that,  during periods of reduced feeding ac t i~ i ty ,such 
as were observed during moltlng and towards the end of the experi-
ment, the infection rate was somewhat less than usual. 

The lack of agreement between the effects of the disease as judged 
by the incidence of disease a t  the time of observation and the dctual 
mortality attributable to the disease should be noted. Although a t  
one time (100 clays after hatching), 22.5 per cent of the existing grubs 
were diseased, 8.2 per cent of the original population had succumbed 
from the disease. F i f ty  days later, when 11.3 per cent of the original 
population had died following infection with milky disease, 7.9 per 
cent of the existing grubs were seen to be infected. More will be said 
in regard to  the use of percentages in this way in the discussion be-
low. 
~Undoubtedly,much of this mortality was due to the method of hanclling, in allowing 

the grubs to hatch before placing in soil. In the experiment next to be discussed, 
eggs were placed in the soil and allowed to hatch without handling. The initial mor-
tality under these conditlons was much less. 



Control 
grubs 

Days after  Cumulative Cumulative Cumulative 
hatching mortality mortality mortality 

Per  cent Per  cent due  to 
disease 

P e r  cent 

5.4% 1.1% 
pupated pupated 

Grubs reared in infectious soil 
P e r  cent P e r  cent P e r  cent 
disease at  

time o! 
observat~on 

of grubs 
becoming
discased 

grubs in 
first 

instar 
(10-day 

2kl P e r  cent P e r  cent 
grubs in grubs in n -second third 

lnstar instar 0\ 
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Developing Grub Population in the Presence of an Increasing 
Inoculum 

The above experiment was repeated in  essentially the same way 
except that  the dead grubs were not relnovecl from the soil. This al-
lowed the bacterial contents of the diseased grubs to be added to the 
original inoculum. Also, the eggs, instead of the newly-emerged lar-
vae, were placed in the soil directly. This resulted in g ~ e a t e rsur- -
viva1 a t  the start of the experiment. No more than 25 eggs were 
placed in  a Petr i  clish containing the desired soil. When placed, the 
eggs were no more than two days old. The first observation was inade 
after two weeks, and examinations were made thereafter a t  weekly in-
tervals. As  before, as  grubs died, more soil per grub becan~eavail-
able, but no larger containers than Petr i  dishes were used, and the 
grubs were not isolated when they reached the third instar, as was 
clone in the previous test. I 

Tl~roughoutthe experiment, the grubs mere reared in a constant 
temperature oven inaintained a t  86" F. 

Two series of grubs were reared in two lots of soil containing 
spores of B. popilliae. A third group was reared in sterilized soil as 
a control. A t  the time of each observation, the grubs in the last 
group were not replaced in the same soil, but were placed in fresh 
sterilized soil. This was done to prevent contamination and the in-
fection of the check grubs. Thus, not only were the check grubs 
reared in soil free from milky disease spores but, also, the dead grubs 
resulting from other mortality factors were not allowed to accumulate. 
Fo r  this reason, there is probably a greater difference in  the mortality 
between the control grubs and those subjected to milky disease than 
if the presence of milky disease spores had been the only difference in 
the soil used for  rearing. 

I n  one group of grubs reared in infectious soil, the disease was in-
itiated more pro~npt lythan in the other group. It would be expected 
that the disease xvould spread more rapidly ancl have a greater total 
effect in  this group. Such was the case, although in both series no 
grubs survived to pupate, and the time required for  complete mor-
tality was about the same in both cases (Figure 26). As  compared 
with the control series, little difference in  mortality was ap@rent 
among the three groups until the seventh week after the eggs were 
placed. From then on, the effect of the clisease on mortality became 
noticeable. 

I n  the txvo groups of grubs reared in infectious soil, the rates of 
infection followed similar trends, but were of different magnitude 
(Figure 27). I n  both cases. the rate did not increase progressively 
but, as has been observed in other experiments, declined after a maxi-
mum had been reached. I n  the group showing a delayed effect of the 
disease, a final spurt fro1110 to 100 per cent infection appeared. This 
is because the sole survivor became infected at  that  time. When the 
fate of the original population and the size of the existing population 
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FIGURE Cumulative mortality trends of two groups of grubs reared in infec- 26. 
tious soil and one group reared in sterilized soil. 

are Irnown, as in these observations, little significance is attached to 
such a dramatic increase in the rate of infection. I n  the field, how- 
ever, where data are often talren in terms of percentage infection 
without regard to the original population, the existing population, 
and the mortality factors acting upon them, misleading interpreta- 
tions can be drawn from clata not too dissimilar from these. 
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It should be pointed out that the populations used in this experi- 
ment, in  terms of grubs per unit of soil, were very heavy. I f  i t  is as- 
sumed that  in  the field an actively feeding grub population is con- 
fined to the upper two inches of soil, the populations in these tests 
were equivalent to approsimately 1,200 eggs per square foot a t  
t,he beginning of the experiment ancl, by the time mortality was coin- 
plete in  the two groups reared in infectious soil, the population in the . 
check was still equivalent to over 100 grubs per square foot. Such 
crowcled conditions are ideal for  the rapid spread of the clisease, par- 
ticularly when favored by the high temperatures employecl. I n  spite 
of such optimum conditions, however, a periocl of about four months 
mas required to decimate completely the p u b s  in the infectious soil, 
and by no means all of the mortality was due to the milky disease 
alone. 

GENERAL CONSIDERATIONS OF THE RELATIONSHIPS 
BETWEEN Baci7lus popilline AND Popil7in jnponirn 

RaciZZ.rcs popiZZiae as a Parasite 

I n  name and in use, the relationship between Raci7hrs popillhe 
ancl PopiZZia japonica has been emphasized as a disease. This tends 
to focus thought on the pathological effects of the invading organism. 
I t  has been shown, however, that,  in  the millcy clisease, these patho- 
logical effect.^ are a t  present somewhat obscure, although they are 
manifest in the inhibition of molting and ,metamorphosis in the host 
and in the causing of premature death. It seems desirable, then, to 
shift the emphasis from the e f fec t  to the cause, and t o  give greater 
consideration to BncBZus popQZine as a bacterial parasite. 

The origin of B. popilliae as a parasite of Japanese beetle larvae 
in the Unitecl States is of more than passing interest, for  if this were 
known, some of the peculiarities of the organism cotilcl undoubteclly 
be explained and a more reliable concept of its potentia1ities.a~ a con- 
trol measure could be realizecl. Three pmsible origins of the bac- 
terium can be postulated. 

1. The parasitic bacteria could have been introducecl fro* the 
Orient along with the host itself, which reachecl this country some- 
time prior to its discovery here in 1916. 

2. The bacterium may have been parasitic upon other insects 
such as native scarabaeicl larvae and have found the Japanese beetle 
larva a more favorable host, particularly when i t  increased in re-
markable numbers. 

3. The bacterium may not have been entomogenous originally, 
but had an inclepenclent existence, accidentally becoming parasitic in 
a facultative sort of way when the beetle grubs became very abundant. 

Proof of any one of these may not be obtained, but certain consicl- 
erations are worthy of attention. 
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Dutlry (11)implied a belief that the bacterium was an introduced 
parasite, while Fox ( IS) ,  without mentioning the milky diseases spe- 
cifically, concludecl that  bacterial parasites of native scarabaeicl larvae 
became parasitic in the Japanese beetle. Wheeler and Aclams (43) 
stated that  there was no eviclence that  the parasite was imported, but 
was presumed to be "derived from a type of bacterium harbored or- 
iginally from some grub native in New Jersey". 

From a practical control point of view, there is  little fundamental 
difference whether the bacterium was originally a parasite in Japanese 
beetle grubs in Japan or  in a similar, closely related native grub: On 
the other hand, if the bacterium was originally not entomogenous a t  
all, but took up  a parasitic existence, possibly by accident when the 
beetle grubs became numerous, a knomledge of such evolution would 
be of real practical value. I f  R.pop4Ziae is an entomogenous parasite 
of long standing, i t  should have the characteristics of  a parasite well 
adapted to its host. On the other hand, if i ts er7olution to a parasitic 
form is very recent, i t  shol~ld manifest some characteristics peculiar to 
a free-living organism. 

I n  many ways, B. popiZZine shows evidence of beinq a parasite 
well adapted t o  its host. In  the first, place, i t  has a restricted portal 
of effective entrance, which in itself is an indication of a well adapted 
parasite. Moreover, i ts locus of infection is limited to a single tissile. 
the blood, without the formation of obvious lesions to tisqiies involved 
in the invasion process. Once the disease become.; established in the 
host, i t  almost assumes a chronic form since'the host is not immediately 
incapacitated, but continues to feed for  a more or less pro lon~ed pe- 
riod. To be sure, development of the host is inhibited. and death 
comes somewhat prematurelv, but the disease is not immediately 
lethal. Insteacl, the fatal effects are nsnally delaved until the parasite 
has completed its development. This low ~athocrenicit-y is nerhaps 
the most cocrent evidence that  R. ao~iZ7ioeis  a hicrhlp evolved para- 
site. Biolo~icallv,a true parasite lives a t  the esnense of its host with- 
oilt causing lethal effects. It is to the parasite's arlvantage'to avoid 
killing the host before its o x n  life cycle is completed. 

The postulate that  the milkp disease orpanism mimht be a.bree- 
livinc bacterium that accidentally invades Japanese beetle I~rvae,jmhen 
the latter become very numerous would not be nniqne. Rabers ( I ) ,  
for  example, reported that  a common soil bacterium. 7?nri7Z~ucprcvs, 
caused a septicemia in the southern armyworm (Prodenk  em'dnnk 
Cram.), being highly infe~t~ious and very pathogenic. 

One peculiarity of the mi l lq  disease ormanism is its ahilitv t o  
s~or t i la te  before any lethal effects are cansecl in the host. TVhether 
this is,because the parasite is excentionallv me11 adapted to the hoct 
or  whether this is characteristic of a free-livinc orvanism ic: difficlilt 
to  interpret. Too few entomogenous diseases have been studied siiffi- 
cientlg from a pathological standpoint to clraw comnarisons. and i t  is 
probablv clangerous to draw analogiec from bacterial parasites of ver- 
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tebrates. I n  regard to the latter, Smith (38) has macle the generaliza-
tion that  endogenous spore formation is frequent among free-living 
bacteria but, representing a definite cycle, is  not known among para-
sitic forms. This conclusion is qualified somewhat by pointing ont 
that the anthrax bacillus sporulates, but not in the living or cleacl tis-
sues of the body. It is only after clischarge to a suitable environment 
that spores form. Furthermore, other disease-proclucing bacteria 
which sporulate, snch as the tetanus bacillus, and the bacilli causing 
gas gangrene (23.weZchii), malignant eclema (R. er7ernntis ?mMy/ni), 
and black leg in cattle (CZost&diurn clmwuei) are not essentially para-
sites, but depend upon open wonncls or other organisms for  a stimulus 
to grow, ancl even these bacilli clo not sporulate In the li.ving host, but 
require anaerobic conclitions prodiiced after death. Such generalities 
should not be too strictly applied, since the line of demarcation be-
tween a parasitic form ancl a non-parasitic form is not well-defined. 

Among entomogenous fungi, i t  has been impliecl by Faace t t  (17) 
that obligate parasites sporulate after the cleath of the host. 

Prom the information available a t  the present t,ime, i t  woulcl seem 
tha t  the sporulation of the milky clisease bacteria in the living host 
and the absence of any obvious effects of the clisease until tjhis oc-
curs, is an unusual, if not unique, case. 

Strict parasites have a tendency to infect hosts of a definite age. 
This may be clue to different reasons in different forms and. conse-
quentlv, may not be a ,rroocl criterion for  a parasite. It has been shown 
that  all grub stages of the Japanese beetle are equally siisceptible ancl, 
by injection, the disease can be induced even in the arlnlt beetle (Dnt-
Icy, 11, Langforcl et al.. 26). I n  contrast. the larva of the honeybee is 
most susceptible to spores of American foul broocl (RaciZZus Zurvae) 
during the first clay of larval life, and is probably not susceptible after 
two clays (TTToodrow, 51). Since this is associatecl with the periocl of 
mass feeding (TT~oodroa.50).  these differences in susceptibility may 
be due to the feeding habits of the two insects rather than the relative 
degree of adaptation on the part  of the t ~ v obacterial parasites. 

The infectivity of a well aclaptecl parasite tends to be less th3n an 
acciclental one, a t  least among I-ert~brntepathogens, largely byxausc 
the customary host has developed resistance of some kind. This, of 
course, may not be true of insect cliseases. and examples are scarce 
from which analogies may be drawn. Certainly. the infection of the 
southern armvworm by Raci7Zw.v rerev.s. an "accidental" parasite. 
reacher1 epizootic p ro~or t ionsin the laboratory (Bahers, I) .  On this 
basis, tho low rate of infection amonc .Japanese beetle ~ r n h sexposecl 
to spores of RnciZ7~1spom:7Zine wonlcl point to a well-establishecl host-
parasite relationship. I n  this caw. lo^^ infectivity is clonhtless asso-
ciated with another factor alrearlv mentioneel. namely. n restrictecl 
locus of effective entrance. Esnerimentally. howeyer. this is not the 
limitinz factor. for  if the bacterial spores are injecteel directly into the 
body cavity where. presumably. the spores map germinate. a re la t ive l~  
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large number is required to induce infection. I n  this case, the prob- 
ability of viable spores failing to reach an environment favorable to 
growth is reduced to a minimum, unless the spores do not germinate 
in the blood, but must be transported to some definite locus for germin- 
ation, to return to the blood in the vegetative form. I f  the spores do 
actually germinate in the blood when placed there, some sort of re-
sistance or immunilogical reaction must be present to account for the 
low infectivity of the organism and the dosage-response. 

The fact that the milky disease has been observed in areas where 
no spores have been artificially introduced aria a t  distances from 
treated areas preclucling the usual natural agencies of dissemination 
can be explained either on the basis that the organism is an accidental 
parasite or that  i t  is an established parasite of some native insect or 
insects. 

t
Although nothing definite is proved, the above considerations 

point to the probability that B. popQ2im is an obligate parasite of 
scarabaeid larvae, the grubs of the Japanese beetle being a t  present its 
most common host. 

Epizootiology of the Milky Disease 

Disease epidemics frequently follow a pattern such that the mor- 
bidity of the disease, plotted against time, corresponds to the normal 
curve of error. The ascending portion of the curve is due to the con- 
tagion factor among a susceptible population, with a probable in- 
crease in virulence of the causal organism. The descending portion of 
the curve may be due to several factors, the most important being a 
decreasing number of susceptible persons because of natural or ac-
quired immunity. BiIoreover, some epidemics exhibit a periodicity in 
that the epidemic curve is repeated from time to 'time. The factors 
iniating a new epidemic may vary with different diseases, but the epi- 
clemic frequently follows an accumulation of susceptible inclividuals. 
At  any time, the host population may be said to be made up of-infected 
individuals, inclividuals who are immune, and susceptible individuals. 
With some diseases, the immune group represents those who have re- 
covered from an attack of the disease. I. 

.i
I f  the milky disease of ~ a ~ a n e s ebeetle larvae caused epizsotics 

comparable in form with epidemics which can be represented by peri- 
odic normal curves, its usefulness would be limited. We could then 
expect no permanent protection against the beetle grub in a treated 
turf area and, a t  best, could hope for a partial, temporary and local- 
ized reduction of the grub population. 

Fortunately, one factor stands in the way of such a situation, and 
that is the inability of an infected grub to recover from the disease 
and thus establish an immunity. I t  is possible that the resistance that 
has been noted may have selective value in developing a race of Jap-  
anese beetles, the larvae of which are resistant to the disease in a way 



co~iiparable to the races of codling nloth resistant to the action of lead 
arsenate. At  present, i t  appears that most of the disease resistance, 
whatever its nature, can be overcome by an increase in the inoculurn. 
However, the accun~ulation of the niore resistant indivicluals is, un- 
doubtedly, a t  least partially responsible for the clecline in the incidence 
of clisease notecl in several experiments discussed in  the previous sec- 
tion. In actual numbers, these "resistant" inclividuals may be very 
few but, when the incidence of disease is expressed on. a percentage ' 
basis, their importance nlay be exaggerat.ed. 

The morbidity curve of milky disease, her6 referred to and noted 
in several tests of clifferent natures, superncially resembles the normal 
epiclemic curve in  that the clisease inciclence rises to a peak ancl then 
falls. 'l'he drop in  incidence, however, instead of being due to the lack 
of susceptible inclivicluals, is a phenomenon associatecl principally with 
the relative rates of infection ancl mortality. Undoubteclly, the ac-
cumulation of the more resistant grubs affects the trend, but this is 
riot the factor most responsible for the observecl tendency. It has 
already been suggestecl that a periodic, or  a t  least polymoclal, curve 
of morbidity could possibly be clemonstrated under experimental con- 
ditions. Certainly, in nature, a perioclicity occurs, for eacll year a new 
generation of susceptible inclivicluals is introduced and, In this way, 
the disease is comparable with some epiclemics. The rise and fall of 
the morbiclity rate is not necessarily characteristic of the infection dur- 
ing each feecling season, but i t  has been observed in the field. 

The important cliff'erence between the .milky disease epizootic ancl 
some of the common epicleinics is that  the hosts classified as diseased 
are removed from this category by death in the former, and by recov- 
ery (usually) in the latter. For  this reason, even if the trends ap- 
pear similar, the results may be quite clifferent. 

Most field data concerning the millry disease are recorded in terms 
of the percentage of grubs diseased a t  the time of observation, cor- 
related, where possible, with the reduction of population as judged by 
comparisons with checlr areas. This is necessitated by the fact that, 
at  any observation, i t  is impossible to know horn many grubs have al- 
reacly succumbecl to the clisease, diecl from other causes, or, at  certain 
times, how many have escaped infection by pupation and emer ence. 
It has been seen, however. that a h i ih  incidence of disease may fe evi- 
dent when the fatal efFects are low. A t  other times, the percentage of 
infected inclivicluals may be low when the disease has wiped out a 
large proportion of the original population. I n  other worcls, the in- 
cidence of disease a t  any given time may bear very little relation to 
the actual contribution of the clisease in causing mortality. It is also 
possible to observe an apparent, but misleacling, high rate of infection 
late in the spring when the insects are pupating ancl emerging as 
aclults. Since the diseasecl grubs are unable to pupate, they may seem 
to predoininate clue to the fact that  the healthy grubs have completed 
their clerelopment ancl escapecl. I n  the same way, a misleacling con- 
clusion could be drawn a t  the time the bulk of the young grubs are 

http:exaggerat.ed


~iloltirigto a later larval instar. Here again, the younger instar might 
be represented chiefly by clisettsecl inclividuals, and the conclusion 
tlrawn that the younger grubs were niore susceptible to the disease 
when, as a matter of fact, the healthy grubs molted, leaving the resi- 
due of tliseasecl grubs in the earlier instar. 

I t  is quite possible that, uncler certain conditions where the popu- 
lation is very heavy, secondary effects of tlie clisease might be respon- -
sible for  increasecl mortality that  could be attributed erroneously to 
the direct efTect of the disease. That  is, in heavy populations, the 
clisease conlcl kill effectively a. sufficient number'of grubs so that the 
accumulated tlecolnposition products and putrefactive bacteria them- 
selves contribntetl to a, tlecline of the grub population. Although 
these factors have not been studiecl object~rely, there is  evidence to in- 
dicate that an accnmnlation of dent1 grubs in the soil, regarclless of the 
cause of death, creates an  environment unfa~orable,  npt only for the 
clevelopment of the living grubs contained there, but also for the de- 
velopment and spread of the clisease. Although such a condition may 
not be encountered frequently, i t  merits further study ancl experimen- 
tation. 

I11 view of the above consiclerations, i t  might be possible to eval- 
uate niore satisfactorily the effects of milky disease in the field by 
means of a bioassay of the soil. The effectiveness of such soil in 
causing infection alllong healthy grubs is a measure of the number of 
viable spores present ancl reflects the cumulative mortality due to the 
rnillry clisease. Certain aspects of assay methocls have already been 
cliscussecl, but the usefulness of such a proceclure for the evaluation of 
field plots woulcl depentl 11pon suitable sampling methods for the soil 
as  well as the technique employed in the assay. 

SUMMARY 
The nrillry disease of the Japanese beetle, causecl by a bacterium, 

has become ~videly lrnomn in the fielcl of biological control oeinsects. 
The discovery of tlie clisease and the clevelopment of methods for 
utilixinp'it in the fielcl against the larvae of the Japanese beetle have 
been tlue to tlie worlc of the Bureau of Entomology and Plant  Qubran- 
tine of the 1-nited States Departmerit of Agriculture. Extensidns of 
this \vorlr hare been macle by cooperating agencies in various states in 
the regions infestecl by the ,Tapanese beetle. The available published 
material is ~.erie~vetl as a baclrgrouncl for the present studies. 

The val~sal organisln of milky clisease (Type A) ,  BaciZlus poy/ilZiae 
l)utlry, is a slentler, non-motile roc1 in its vegetative form, ancl forms 
spores of characteristic shape. 

The norlnal invasion ~.oute of the bacterium is via the alimentary 
tract of tlie host. Both tlie vegetative and spore forms of the bac- 
teriuln seem to be infective. but the spores apparently germinate be- 
fore reaching the locus of infection, the bloocl (haemolymph). h l -
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though not conclusively proved, evidence indicates that the Malpighian 
tubules are the lnost proba.ble site of bacterial penetration from the 
gut to the blood. 

For  purposes of discussion, the course of the disease in the host is 
divided into four developmental phases : invasion, incubation, sporu- 
lation and completion. The time required for  the clisease to develop 
is largely a function of the temperature. 

Infected grubs do not necessarily die when the diseased condition 
is complete, but may live-ancl feecl-for a longer or shorter time, pre- 
sumably depending on the vigor of the individual grub. Diseased 
young grubs die sooner than diseased older grubs. Although the dis- 
ease does not cause pronlpt cleath, i t  does inhibit molting and meta- 
morphosis of the host. 

The bacteria develop solely in the bloocl of the g ~ u b ,  and there is 
no apparent disturbance in the other body tissues or  organs. Changes 
in the inorganic clleinical constitutents of the blood, the nulnber of 
blood cells, the osmotic pressure of the blood, bloocl pH,  or manner and 
time of blood coagulation are too slight to account for the over-all 
effect of the clisease. I t  has been found, however, that the disease cloes 
commonly disturb a t  least one oxidizing enzyme system ancl. since i t  is 
probable that  oxidizing enzymes are necessary for molting, meta-
n~orphosisand full realization of life expectancy, i t  is believed that  the 
effects of the disease may he causecl by the destruction of one or more 
enzyme systems. 

The probability of a grub becoming infected increases with the 
spore dose, whether receivecl by injection into the body cavity or by 
ingestion into the gut  with food. 

The three larval instars appear equally susceptible. 

As tested, grubs fed prior to inoculation showed susceptibilities 
not differing significantly from grubs removed from cold stora.ge a t  
time of inoculation. ... 

Grubs incubatecl a t  temperatures of 75" ancl 85"F. appear eclually 
susceptible to millry clisease inducecl by inoculation. 

Spores kept as dried blood films show no loss of potencyj"ivith 
time. 

As here tested, exposure of spores in soil to weather causecl no 
loss in potency. 

A single test indicated that  fresh spores were six times as potent 
, as spores in dust form. 

Exposure of spores to ultraviolet light (from sun lamp) caused 
very marlied recluction of potency. 

Although low p H  appears to  affect spores of B .  popill& ad-
versely, the p H  of soils usually encountered in Connecticut does not 
affect significantly the potency of spores. 



Spores show marked loss of potency when heated a t  temperatures 
above 194" P. 

The effect on potency of successive passages of the bacteria 
through a series of hosts is not well defined. Increased potency has 
been observed, but this has not been maintained consistently. 

Some loss of potency has been observed when spores were kept 
refrigerated in a water suspension. 

The average number of spores produced per grub approximates 
two billion. The  number of spores produced is not correlated with the 
body weight of the host, the temperature of incubation (provided i t  is 
favorable), nor with t.he size of inoculum. 

Healthy grubs may acquire the disease by biting diseased indi- 
viduals. More commonly, the disease is acquired by the grubs in- 
gesting spores along with their food. Disintegration of diseased 
grubs, following death, serves to liberate spores to the soil. Although 
intact grubs may serve as sources of spores in the transmission of dis- 
ease, clissemination is much more prompt when the spores are in direct 
contact with the soil. 

Several experiments demonstrate the importance of heavy grub 
populations for  n rapid spread of disease. A high inoculum potential 
also favors spread. A heavy p u b  pop~~la t ion  can compensate for  a 
low inoculum potential and, conversely, a heavy inoculum potential 
can compensate for  a low population in causing a resultant high in- 
cidence of milky disease. 

The spread of disease was observed over periocls of time among 
third instar grubs and amonr clevelopinr populations of grubs rearecl 
ilncler different conditions. I n  several instances. an increasing inocn- 
lum did not result in a progressive increase in the incidence of disease. 
Tnstead. a period of increasing morbidity mas followed bv n decline. 
The reason for this is tha t  the infection rate. a t  first. exceeds the  mor- 
tality rate. The  mortality rate then exceecls the infection rate. The 
slower infection rate may he due, in part. to an acci~mnlation of the 
more resistant grubs. '. 

As measured by bioassay methocls, niilky disease spores te$d to 
remain more concentrated in the top two inches of soil. hut there is 
some vertical spread of spores applied to the surface. 

The role of RuciJhs popdlke as a parasite is discussed, and com- 
parisons are made between infection trends of the milky disease and 
characteristic epidemic curves. 
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