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I. Introduction

Bacillus popilliae is a pathogen of various scarabaeid beetles. The bac
terium, when ingested by beetle larvae, invades the hemocoel wherein it
undergoes vegetative proliferation and subsequent sporulati'on causing death
of the larvae. The mass ofspores that accumulates upon approaching death of
the insect is. ultimately released to the surrounding soil and consequently the
pathogen can survive for an extended period. These spores are eaten by
newly hatched beetIe larvae and, upon germination and outgrowth in the
alimentary tract, begin the infectious process again. The name given to this
infection is "milky disease" because of the milky appearance of the
hemolymph containing spores ofB. popilliae or B. lentimorbus, another
dosely related organism. Theoretically, B. popilliae represents a persistent
and perpetual microbial insecticide although soil physical and chemical
properties as well as climatic conditions, agricultural and horticultural prac-



aces, and density of the larval population influence its effectiveness in na
ture.

Several reviews have been written on milky disease (Dutk)·, 1963;
Rhodes,. 1965, 1968; St. Julian and Bulla, 1973), and an e:ttenllive bibliog
raphy has been compiled on milky disease bacteria (Klein et ai" 1976). The
purpose of this paper is to provide an overview ofbiological considerations of
B. popilliae resulting &om many years of research related to the agricultural
and commercial application of this bacterium as a microbial insecticide.
UnfortunatelY', the biology of B. popilliae is not yet well understood. We
hope that our review will stimulate new interest for more fundamental re
search on this potentially powerful microbial control agent.

II. Taxonomy and Classification

Bacillus popilliae (cause ofType A disease) andB.lentimorbus (cause ofType
B disease) were named and partially described by Dutky (1940). The organisms
were isolated from Japanese beetle larvae having milky disease, and both
species produced typical disease symptoms when pure cultures were inocu
lated into healthy larvae. Dutky (1940) differentiated the two species primar
ily on the basis of (1) the difference in color of diseased larvae and (2) the
presence of a refractile parasporal body lying adjacent to the spore in B.
popilliae which was absent in B. lentimorbu3. Subsequent investi~tion~

indicate that these organisms do represent different species (Gordon etal.,
1973). Kaneda (1969) and Bulla et al. (19702.) demonstrated that these two
organisms differ in lipid composition, and Bulla et al. (1969) showed that the
endospores have different surface topographies. Hrubant and Rhodes (1968)
found no serological reactions between B. popilliae and B. lentimorbU3 as
determined by agglutination reactions with whole cells, although
Krywienezyk and Luthy (1974) demonstrated a close serological relationship
between the two by using disrupted cells as antigens and by determining the
presence of common antigens with double-diffusion and immUJ1O'o
electrophoresis techniques.

Two additional species of bacteria causing milky· disease in certain
scarabaeid larvae have been described: B•.fribourgensis (Wille, 1956) andB.
euloomarahae (Beard, 1956). Also, a number of varieties have been dee
scribed. the most recent by Milner (1974). A number ofcomparative studies
of the various species and strains have been reported (Krieg, 1961; Stein
kraus and Tashiro, 1961; Luthy, 1968; Wyss, 1971; Luthy and Krywienczyk,
1972; Gordon et al., 1973; Krywienczyk and Luthy, 1974). TwO' basically
different classification schemes have been suggested depending primarily on
the relative emphasis given to the presence of a parasporal crystal. Wyss
(1971) and Krywienczyk and Luthy (1974) have given more weight to char8C"
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teristics other than a crystalline inclusion and have suggested that the four
species be reduced to B. popilliae and B. eulool1larahae. They proposed
three subspecies of B. popilliae: popilliae, l1lelolontltae (includes the strains
named B. yibollrgensis), and lentimorbus. In contrast, Krieg (1961) and
Gordon et al. (1973) suggested designating those stnuns with parasporal
inclusions as B. popilliae; subspecies would include fribollrgensis and /leu:
zealand. B. lentil1lorbllS and related strains were retained as a separate
species.

Gordon et al. (1973) directly compared strains ofB. popilliae for a variety
ofcharacteristics, and the results of this study served as the primary basis for
the description of the species included in the 8th edition ofBergey's .\Ianllal
of Determinative Bacteriology (Buchanan and Gibbons, 1974). The vegeta
tive cells are gram-negative rods (0.5-0.8 X 1.3-5.2 JLm). However, sporan
gia ,md presporal forms are gram-positive. This feature may be the reason
why DutI-.-y (1940) originally described the cells as gram-positive. The cells
can be cultivated continuously-in complex laboratory media but lose viability
rapidly after reaching the stationary phase of growth. Viable cells are uni
formly phase-dark whereas nonviable cells are· "ghostlike" and graimlar in
appearance. Spores are formed when pure cultures of B. popilliae are in
jected into the hemolymph or fed to susceptible insects. The sporangium is
swollen and spindle-shaped and contains a typical refractile spore in addition
to the smaner refractile parasporal body. The spore has a characteristic fine
structure (Black, 1968a,b; Black and Arrendondo, 1966) and surface topog
raphy (Bulla et al., 1969). The shape of the inclusion body does not appear to
be constant from culture to culture because various shapes have been de
scribed by different investigators.

Bacillus popilliae is a catalase-negative facultative. anaerobe though growth
under anaerobic conditions is quite slow. Gordon et al. (1973) found that
cultures frequently require 14 days to attain any observable mass anaerobi
cally. R. N. Costilow (unpublished data) has observed growth on agar plates
inoculated "'lith heat-shocked (60°C for 10 minutes) spores of B. popilliae
~RRL B-2309yl produced in vitro as described by Sharpe et af. (1970) and
incubated in 'an anaerobic chamber. Colonies ofClostridill11l sporogelles ap
pt>ar on the surface of agar plates in this chamber within 12-:-18·hours. How
ever, 4-7 days of incubation were necessary before B. popilliae colonies
Iwcame visible. Colonies were clearly visible on plates incubated aerobically
within 2 (lays. Also, the l11uximum colony size was much smaller under
anaerobic conditions than under aerobic conditions. The re~;ponsh'enessof
B. popilliae to oxygen is illustrated in Table 1. Significant increuses in growth
occurred as the aeration rate increased up to an oxygen absorption rate of
about 1.0 mmol O:/liter/minute. This rate appeared to be where maximum
growth occurred (R. :'\. Costilow. uripublished data).



TABLE 1
EFn:CT OF AERAnoN' AND Of' NEt1'TRALl%.\TION OF Acms P.aODUCED

ON 'tHE GROWTH OF B. popillUu (NRRL 8-2(0)

00 at 61& nm X l~

tTnneutralized N~"•
OAR- 2.4 hom! 48 hours iW hours 48haurs

0.2& 8 14 3 18
0.81 14 ~ 14- 28
1.12 ~ ?8 Z4 38
~91 ~ 26 23 26

• OA~ 0I:y~ absorption rate (mmoJes 0 5 absorbedfminuU:JUter of
medium). The medium with an OAR of 0.26 was.not shaken, and the
others were shaken at different speeds. All were incubatedat 3O--3Z"C.

·Cultures were neutralized at intervals by addition of sterile 1 N
NaOH. Samples or duplic:ate cultures were titrated to determine the
amount of base required.

BaciIlw popilliae can utilize relatively few sugars. Acid is produced &om gluo
case, fructose, mannose, galactose, maltose, sucrose, and trehalose (Stein
kraus, 1957a,b; Steinkraus and Tashiro, 1967). Methyl a-.Deglucoside, methyl
a-D-mannoside, and salicin can be utilized by some strains for growth after
an induction period (Bhumiratana and Costilow, 1973).

It is clear that this organism is properly classified as a BacillU3 (Buchanan
and Gibbons, 1974). It is not a Clostridium as Faust and Travers (1975)
suggested. 'The eighth edition ofBergey's Manual a!Determinative Bacteriolao
gy (Buchanan and Gibbons. 1974) includes all endospore-forming. rod-shaped,
aerobic or facultative anaerobic baeteria in the genus BacillU3. Gordon et aI.
(1973) stated that the genus "encompasses the rod-shaped bacteria capable of
aerobically forming refractile endospores that are more resistant than vegeta
tiye cells to heat, drying, and other destructive agencies." The hemolymph
of Japanese beetle larvae in which this organism sporulates is aerobic.
Weiner et al. (1966, 1969) reported the presence of significant amounts of
dissolved oxygen in hemolymph throughout infection and sporulation. There
is no rationale for considering reclassification ofB. popilliae as a Clostridium..

III. Nutrition

Bacinus popilliae is a fastidious organism. All the laboratory media that have
been devised for its cultivation are complex. ~ost of them contain )'east
extract and digests of casein. Sugar is required in all media as a source of
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energy. The organism \\-ill grow reasonably well in a vitamin-free hydroly
sate of casein medium supplemented with tryptophan, thiamine, glucose,
and phosphate (Sylvester and Costilow, 1964). Both tryptophan and
thiamine are necessaty for growth; biotin, myoinositol, and niacin are
stimulatory for growth although they are not required.

Obviously, this organism has become extremely dependent on its natural
host for nutrients. Hemolymph of Japanese beetle larvae is rich in amino
acids (Shotwell et ai., 1963, 1965), and B. popilliae requires many of them
(Sylvester and Costilow, 1964). Only those amino acids requiring relatively
few enzymes for biosynthesis are not required. Bacillus popilliae cannot make
anv of the amino acids in the serine or aromatic amino acid families, nor can it
sy~thesize histidine. Only alanine and glutamic acid of those acids in the
pyruvate and glutamate fiunilies are not required. The organism can synthe
size aspartate, lysine, and thereonine but requires both asparagine and
methionine for growth. Still unresolved is the role of barbituric acid which .
must be added to a synthetic medium to obtain consistent growth (Sylvester
and Costilow, 1964). This compound has been shown to stimulate both
nucleic acid and protein synthesis in a synthetic medium but there is little or
no incorporation of labeled barbiturate into cell material (Coulter and Cos
tilow, 1970). Common purines or pyrimidines in synthetic media do not
rl'place the requirements for barbihlrate, nor do they enhance growth.

Evidence for the adaptation of B. popilliae to grow in its natural host is
provided by the observation that it responds well to the high concentration
of trehalose in larval hemolymph (Rhodes, 1968). The enzymes that catalyze
the breakdown of this disaccharide are constitutive; both respiration and
growth rates are higher \\lith trehalose than with glucose (Bhumiratana et al.,
1974). Furthermore, the organism takes up trehalose by the energy
conserving phosphoenolpyruvate (PEP):sugar phosphotransferase system
and cleaves the trehalose 6-phosphate formed by a unique phosphotrehalase
that has not been found elsewhere.

IV. Growth Characteristics

Bacillus popilliae, as stated earlier, can be culhlredin artificial media (Stein
kraus, 1957b; Rhodes et al., 1966; Steinhaus and Tashiro, 1955). Liquid and
solid media containing yeast extract and glucose support good growth of B.
!1(Jpilliac. Figure 1 displays a characteristic growth pattern of the organism
under aerobic conditions. The maximum population (1.2 x 109) is achieved
at 16-20 hours. Immediately after peak growth occurs, the number of viable
cells rapidly declines. However, there is little or no cell lysis. Under
anaerohic conditions, similar growth occurs except that the number ofviable
t'ells is .:; X lOS per ml. No spores are fi)rmed either aerobically or anaerobically.
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FIG. 1. Characteristic growth pattern of BacilllU popilli" in MD medium of 1.5$ yeast
extract, 0.6* KtHP04> and 0.2% glucose in distilled water'. 0, total cells; A, pH; 0. viab~

cells; ., glucose concentration. .

What causes death ofaerobic.B. popiZliae cells is not well understood. but
it could be due. in part, to the lack of catalase (Costilow et aZ.> 1966) or
peroxidase activity (Steinkraus. 1957b; Pepper and Costilow, 1965). Without
a hydrogen peroxide scavenging system, hydrogen peroxide could accumu~

late during vegetative proliferation and poison the stationary-phase cells.
Cell death also could result from exposure to the superoxide free radical
produced when oxygen reacts with reduced flavin mononucleotide and flavin
adenine dinucleotide. However, because B. popilliae cells contain
superoxide dismutase (Costilow and Keele, 1972; Yousten et aZ., 1973; Yous
ten and Nelson, 1976), the reactive superoxide free radical can be converted
to oxygen and hydrogen peroxide. Consequently, the cells should be free
from the lethal e~ts 0: the superoxide free radical.

Under anaerobic conditions. B. popilliae does not exhibit any detectable
superoxide dismutase activity (Yousten and Nelson, 1976). Whether lack of
enzyme activity in anaerobically grown cells is a possible cause ofcell death
is not known. Based on the results of aerobic and anaerobic experiments,
there is no apparent correlation between cell death and enzyme activity.
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-
Japanese beetle larvae use the PP pathway with only minimal EMP partici
pation (St. Julian et al., 1975). The mechanism by which this is regulated is
not known, although Pepper and Costilow (1964) did demonstrate that the
percentage of glucose assimilated by the PP route is greatly enhanced when
incubated in an atmosphere ofoxygen compared to an atmosphere ofair. The
hemolymph of healthy and infected larvae have significant levels of oxygen
present (Weiner et ai., 1966). The larvae may maintain oxygen levels at a
higher level than those normally achieved in laboratory cultures or concen
trated cell suspensions. Stich a phenomenon could lead to higher levels of
the enzymes of the PP pathway or lower levels of those of the EMP system or
both. Interestingly, there appears to be a very low percentage of glucose
oxidized to acetate by cells harvested from diseased larval hemolymph. St.
Julian et ai. (1975) observed that practically all of the CO: produced by such
cells was derived from carbons one and two ofglucose, indicating a consider
able amount of pentose cycling. This activity may indeed provide a reason
able explanation for some observations with respect to sporulation. Larval
hemolymph contains trehalose at concentrations that repress sporulation of
oligosporogenic strains in vitro, and the trehalose level remains high in the
hemolymph throughout in vivo vegetative growth and sporulation (Bennett
and Shotwell, 1973). In contrast, when glucose is used as a carbon source, no
spore formation occurs in colonies of oligosporogenous strains on agar plates
until the sugar is at a very low level (Costilow and Coulter, 1971). So, it is
possible that this organism requires a utilizable sugar as an energy source for
sporulation. As noted earlier, trehalose is used more readily than glucose in
broth cultures. Because the uptake of trehalose is dependent on PEP, the
rate of trehalose uptake in the hemolymph may be restricted by the rate of
PEP generation. Cycling ofcarbons via pentoses does not generate PEP, and
this fact could explain the relatively slow rate of growth and the failure of
trehalose to repress sporulation ofB. popilliae in hemolymph. Rhodes (1968)
has proposed that most of the trehalose in the hemolymph is in an unavail
able form. More work is needed to clarify this matter.

The primary products of glucose dissimilation by B. popilliae are acetate,
lactate, and CO: (Pepper and Costilow, 1964). Small amounts of glycerol,
ethanol, acetoin, and acetaldehyde have also been found. The rate ofacetate
to lactate is readily varied by regulating the availability of oxygen. In unlim
ited oxygen, little or no lactate is formed. Strains ofB. popilliae vary in their
capacity to oxidize acetate. Pepper and Costilow (1964) reported that a var
iant ofstrain NRRL B-2309 oxidizes acetate and contains condensing enzyme
(citrate synthase) wherear; the parent strain does not. McKay et ai. (1971)
found six of the eight strains they examined to oxidize acetate whereas the
parent strain (NRRL B-2309) does not. Bulla et aZ. (1970b, 19(1) and Yousten
et aZ. (1974) failed to find any evidence of acetate oxidation in B. popilliae.
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However, all of the latter studies (Bulla et al.. 1910b, 1971; Yousten et al.,
1974) were done with strain B-2309. St. Julian et al. (1975) fhiled to find uny
acetate oxidation by cells harvested from Im""ae infected hy injection \\ith
spores. They incubated the cell suspensions for 60 minutes before addition of
the labeled sllbstrate, and this procedure could well have influenced the
results obtained. ~lcKayet al. (1971) were uml.ble to detect a glyoxalate cycle
in strains that oxidize acetate. Therefore, the cells must have a source of
necessary four-carbon intermediates of the tricarboxylic acid cycle if the
cycle is to function with acetate as the suhstr.lte. Incubation without sub
strate (St. Julhm et a/., 1975) could deplete these intermediates to a point
",-here no oxidation would occur. Further e\'iclence for acetate'oxidation by
some strains of B. popilliae was obtained in studies of the utili~tion of
methyl a-o-mannoside (Bhumiratana mld Costilow, 1913). When the man
noside was present at lmv concentrations (10 m.ll), resting cells of an acetate
oxidizing strain produced 6 Pomol ofCO 2 per JJ. mol mannoside consumed. Also,
significant levels of radioactivity from [V~C]acetate were found incorpo
rd.ted into citrate, glutamate, succinate, .md aspartate by an acetate-oxidizillg
strdin of B. popilliae (~lcKay et af.• 1971).

There is no significant accumulation ofacetate in larvalhemolymph during
the infective cycle (Stubblefield et al., 1966). However, Bulla and St. Julian
(1972a) have shown that both healthy and infected Japanese beetle larvae
readily oxidize pyruvate, acetate, succinute, ..md glutamate viu a tric-.u-ho:\)'lic
acid cycle. Since there is a constmlt supply of trehalose present in
hemolymph throughout the infective cycle, it would appear unnecessary for
the organism to rely on acetate oxidation as an energy source for sporulation.
Thus, although all of the oligosporogenous strains tested have been found to
o:\idize acetate in vitro (McKay et al.• 1971), this ability may have no bearing
on sponllation in oivo. In filet, strains which have been found to oxidize
<lcetate most rapidly will not sporulate at all in labomtory media.

As stated earlier, B. popilliae is facultatively anaerobic. Cells grown.aerob
ic-.ll1y have both a cytochrome and a direct flavin link for the electrons from
nicotinamide adenine dinucleotide, reduced form (NADH), to oxygen (Pep
per and Costilow, 1965). The cytochrome-dependent system is present in
the particulate fraction ofcells and is sensitive to azide, cyanide, ..mel carbon
monoxide. However, spectrophotometric data revealed only cytochrome hi
in particles from cells. The different spectm observed resembled those of
anaerobic-aUy grown B. cereus cells. Unfortunately, no studies of the cyto
chromes have been (.'onducted with B. popilliae grown under anaerobic con
ditions.

11,e soluble NADH oxidase ofB. pupilliae is flavin-dependent, and, \vhen
i,o;olated from late-exponential or stationary-phase cells, it produces hydro
~t'n peroxide (Pepper and Costilow, 1965). As we mentioned earlier, the
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absence of catalase and peroxidase in B. popilliae cells (Steinkraus, 1957a;
Pepper and Costilow, 1965) has been proposed as a possible explanation for
the loss in viability that occurs to stationary cells. Ofinterest in this respect is
the fact that cells which have initiated sporulation produce a heat-stable
catalase as one of the earliest events (Costilow and Coulter, 1971). Like all
other aero-tolerant organisms tested, this organism contains superoxide dis
mutase that can protect it from the superoxide free radical but generates
H20 2 (Costilow ~d Keele, 1972; Yousten et ai., 1973; Yousten and Nelson,
1976).

VI. Strain Variation, Sporogenicity, and Germination

Efforts to develop sporu!ating strains of B. popilliae in dtro have been
attempted since its discovery (Smith and Hadley, 1926: Hawley and White.
1935; Hadley, 1938; Dutk-y, 1940). Many different strains of milky disease
bacteria have been isolated from naturally infected scarabaeids and charac
terized by microscopy and host preference. Variations in virulence ofcertain
strains were noted by several researchers during the early investigations (see
Fleming, 1968). For some strains, virulence and host preference could be
modified by repeated passage through larval hosts. Steinkraus and Tashiro
(1955) induced the first in vitro sporulation of B. popilliae by transferring
vegetative cells grown on a complete agar medium to a· solid starvation
medium. These spores produced in artificial culture were much less infec
tive perorally than spores formed naturally in larvae. Steinkraus and Prav
videnti (1958) found variability among 64 isolates of B. popilliae that sporu
lated in their two-stage procedure. Even the most sporogenic strains, how
ever, were unable to form spores after a few transfers. Rhodes et ai. (1965)
reported a new substrain, NRRL B-2309S, that produced 0.3% spores when
acetate was added to a solid medium containing yeast extract, glucose, and
phosphate. Sharpe et ai. (1970) found that selected yeast extracts and filter
sterilization were more influential than acetate and developed from B-2309S
a second new substrain, NRRL B-2309M, which produced 20% spores in
colonies. Trehalose was substituted for glucose and Mueller-Hinton broth
solids were added to the medium (MYPT medium). Other investigators
(Costilow and Coulter, 1971; Black, 1968b) have confirmed the sporogenicity

. of B-2309M. Ina similar liqUid ~lYPT medium, cells of B-2309M form 1%
spores (about 7 x 106 spores/ml) during 12 days of still culture following a
24-hour shaken culture period. Spores of B-2.'309~'I appear to be nearly
typical to those produced in larvae (Black, 1968b). They are infective by
intrahemocoelic injection although sporulation in larvae is incomplete (E. S.
Sharpe, unpublished data). The spores are not infective perorally (Schwartz
and Sharpe, 1970). Vegetative cells of B-2309 and B-2309S, the parent
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strains. are motile whereas B-2309M cells are nonmotile. }lotile. sporogenic
substrains of NRRL B-2309 have been isolated by Sharpe and St. Julian
(1969); they produce 3 to 5% spores in colonies. These in vitro spores of
substrains B-23Q9T and B-2309G resemble spores from larvae more than
spores of the other substrains and. following intrahemocoelic injection. they
produce a normal milky disease. Their peroral infectivity has not been tested.
Asporogenic sectors of B--2309M colonies contain vegetative cells that do
not sporulate even when injected into larvae. These cells (Bo2309~) a.re
completely asporogenic and have not remained viable in lyophiL Luthy et ai.
(1970) were able to sporulate two strains in tissue culture medium containing
hemocytes ofPhyllophage anxia, a June beetle larva. Cells of NRRL B-;2309
grew in the medium but did not fonn spores.

Some progress has been reported by Haynes and Rhodes (1966, 1969) on
the sporulation orB. popilliae in liquid medium containing activated C'.u-bon.
Sufficient spores for peroral infectivity tests with insects were not obtained.
Interestingly, when activated carbon or 1% sodium sulfite (Dud..'}'. 1963) was
added to MYPT medium. sporulation ofB-2309M in colonies W'J.S depressed.
~IYPT agar medium made with yeast extract that was pretreated with acti
vated carbon supported only 3% sporulation of B-2309M strain as compared
to 20% in untreated medium. When eluates from the spent carbon were
recombined with pretreated yeast extract and used in ~IYPT medium. 11%
sporulation occurred; the same eluates combined with fresh yeast extract
depressed sporulation. Yeast extract may contain an inhibitor of sporulation
us well a... a substance that enhances sponllation. If both are .wsorbed by
C'arbon. selective elution might explain the results of the recombination
experiments.

Bacillus popilliae has been induced to form about 1% spores in continuous
culture in a chemostat (E.' S. Sharpe, unpublished data). Cultures were
maintained continuously for as long as 40 dnys; spores appeared only at slow
growth rates. Variability in the inoculum (B-2309) for continuous cultivation
was expressed on solid medium a.<; three morpholOgically distinct colony
types which by reason oftheir cell content represent slow, intennediate. and
rapid growth rates. Rapidly growing cells that produced the largest colony
type had been inadvertently isolated in serinIly transferred batch cultures.
Cdls of intennediate growth rate were first continuously cultivnted cultures
und rapidly growing cells were reisolated therefrom. The slow growers have
not heen purified bec.lUse of their tendency to pro~ress to faster growth
rutt"s. Only the fast-growing cells from large colonies were tested and found
not to he infective to Japanese beetle larvae. The variability of B. popilliae
(,'nItnres in Inboratory media has heen noted by most investigators who have
isolated and worked with the different substrdins. E. S. Sharpe (unpublished
<bta) «mncI that the three different colony types (Fig. 2a) descrihed above



FIG. 2. Variations in Bacillus popilliae. (a) Three colony types resulting from outgrowth of
lyophilized vegetative cells and from germinating spores of B. popilliac. Bar equals 2 mm. (b)
Normal Type A B. popilliae spores untreated. Bar equals 5 p.m. (c) Variant B. /lopilliae spores
with large paraspores (from Connecticut). (d) Variant spores after 20 minutes in 0.1'K NaOH
(note phast'-dark swollen paraspores). (e) Type A spores unchanged after 30 minutes in 0.1%
NaOH. (I) T~pe A spores after 60 minutes in 1.0% NaOH (parasporal bodies lose refractilit)'
bUL do not swell). ~Iagnification in e, d, e, and f same as b.
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also occur when lyophilized cells return to vegetative growth and also when
wild-type spores genninate. Thus, the potential for variability exists in the
parent Wild-type strains. Perhaps minor variations have occurred in nature
without 'expressing any notable changes in larval disease symptoms.

Spores ofB. popilliae are unique among related bacilli- in that they genni
nate and 01ltgrow poorly (St. Julian et ai., 1967) and outgrO\vth is essentially
asynchronous (Sharpe and Bulla. 1977). Heat does not appreciably affect
spore germination; heat causes no immediate loss of spore refractility, and
outgrowth is only slightly enhanced. The extent ofoutgrowth ofa population
of unheated spores is about 1%; maximum outgrowth of heat-treated (50°C
for 20 minutes) spores is only 12%. B. popilliae spores are not appreciably
aH'ected by germinants. and their thick-walled sporangia are impermeable to
lytic agents. Adenosine and L-alanine alone or in combination with glucose
increase gennination and outgrowth by about 3-10%; sporogangia of the
bacteria are not physically altered by lysozyme, trypsin, or crude snail flleli.1:
pomatia) enz}'me. The addition of pyruvate to complex media has. been.
reported to increase the percentage of spores that genninate (Costilow and
Coulter, 1971). Divalent cations may be needed for genniniltion (Splittstoes-
ser and Farkas, 1966), but they are not necessary for outgrowth. '

VII. Pathology

Bacillus popilliae is a true pathogen. It meets all criteria of Koch's postu
lates with regard to milky disease of the Japanese beetle: (1) the organism is
always found in diseased larvae but is not present in healthy ones; (2) the
organism can be cultivated in pure culture outside the larvae; (3) pure cul~

tures, when inoculated into susceptible insects, initiate the characteristic
disease symptoms; and (4) the organism can be reisolated from the experi
mentallaIvae and recultl.lred artiflcially, retaining the characteristics of the
originally isolated' organism.

The infectious process develops in four phases according to St. Julian et al.
(1970). There is an initial incubation phase (phase I) ofabout 2 days in which
relatively few bacterial cells are found. From day 3 to day 5 (phase II),
vegetative cells rapidly proliferate, and by day 5 prespore forms occur as well
as tm oc<:asioml1 spore. Phase III is the intennediate phase (days 5-10) in
which there is a ch~l1lge from predominantly vegetative growth to prespore
and spore development. Phase IV is the sporulation phase that tennimltes by
Jay 14 to day 21 and involves massive sporulation and ensuing larval death. _.
:\hout 20% of cells at days 3-5 sporulate. During the intennediate phase,
prespore fonns constitute 20-35% of the total population at days 5 and 6, and
they int,'re-dSe to 40-80% by day 10. Further development ofprespores dur
ing ph<l.'ie IV is char.lCterized by decreasing numbers of vegetative cells and
prt'spores while large numbers ofspores accumulate. In this terminal phase,
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an individual larva will contain approximately 5 X 109 spores (5 X 10 10per ml of
hemolymph) and appears milky. Obviously, sporulation of B. popilliae
within the Japanese beetle larva is not a synchronous process. There is no
exponential phase of exclusive vegetative proliferation followed by a station
ary phase and sporulation cycle; instead, vegetative growth and sporulation
proceed concomitantly. Sharpe and Rhodes (1973) have shO\vn that sporula
tion in colonie~proeeeds in a stepwise manner and proposed that sporulation
in larvae becomes more efficient as the disease progresses.

It is not clear how many spores are required to induce milkY' disease but it
is highly unlikely that a single spore can do so. Dutky (1940) observed a
graded response by the insect to single larval dosages of 1 X 1()2 to 2 X 106

administered parenterally. Beard (1945) found that soil containing 4 X lOS
fresh spores per gram would cause the death of about 96% of larvae feeding
in the soil. Apparently, the age of spores influences their virulence because
only 50% of larvae are killed by 4 X 106 aged spores of B. popilliae when
injected. By feeding, 1 X 109 aged spores per gram ofsoil are required to kill
the same number oflarvae (St. Julian and Hall, 1968; St. Julian et aT., 1970).
In contrast, as few as 140 healthy vegetative cells, when injected into the
hemocoel, can disease 63% of a larval population.

Although laboratory-infected larvae generally die during phase IV ofmilky
disease, naturally infected (ReId-infected) larvae do not (St. Julian et aT.,
19i2). Larvae infected in ReId plots die during all phases of the disease. The
largest percentage of death is during phases II and III. At phase II, 90% of
the total cell population in the hemolymph are vegetative cells and at phase
III. 65-75% are vegetative cells with 15-30% spores. Most larvae whether
dead or alive exhibit the intermediate phase ofinfection (phase III); less than
30% of larvae reach phase IV of disease. Consequently, buildup ofB. popil
liae spores in experimental ReId plots does not occur as rapidly as predicted
from laboratory studies.

The recent resurgence of Japanese beetles in Connecticut (Dunbar and
Beard, 1975b) deserves attention because it appears to be due to the
emergence and increasing dominance ofa variant B. popilliae strain. Dunbar
and Beard (1975b) reported that in many areas where Japanese beetles had
been controlled by milkY' disease for 25 years, they are now as numerous as
they were originally. The insect has developed resistance to chlordane in
Connecticut (Dunbar ar d Beard, 1975a), in Ohio (Niemczyk and Lawrence,
1973), and in New York (Tashiro and Newhouser, 1973). It is possible that
traces of chlordane in the insect hemolymph, where the bacterium must
spend its life cycle, have diminished its infective capacity. Also, ifchlordane
resistance is due, in part, to a thickening of chitinous layers of the integu
ment and the gut, invasion of the hemocoel would be more difficult. The
reemergence ofheavy infestations are probably due to loss in virulence ofB.
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popilliae in Connecticut bec-ause crosscinfection studies indicate that larvae
from Connecticut are susceptihle to B. popilliae spores from New York and
Ohio whereas spores from Connecticut are not very infective to larvae from
elsewhere.

M. G. Klein, Japanese Beetle Laboratory, Agricultural Research Service,
U.S. Depattment of Agriculture, Wooster, Ohio, and E. S. Sharpe (unpub
lished data) have determined that a new variant strain of B. popilliae is
present in diseased larvae from Connecticut. The parasporal bodies of this
strain are unust14'l1ly large for B. popi/licte, and many of the spores are accomo
panied by two or three such bodies. Infectivity of the variant strain (when
injected) is diminished, and diseased larvae contain elongated hyphal-like
cells. Sporulation in diseased larvae is only 20% of that expected. The large
parasporal bodies of the Connecticut variant are sensitive to 0.05% NaOH;
upon treatment, they lose refractility and swell two to three times their .
original size. Authentic NRRL B-2309 spores produced in larvae are sensi
tive only to higher concentrations of alkali (0.1% NaOH) and do not swell
when they lose refraetility (Fig. 2b-f). Hemolymph collected from diseased
larvae in Connecticut during 1974 and 1975 seldom showed evidence of the
fulloblown sporulation that is characteristic of normal milky disease.
Hemolymph from other larvae collected in Connecticut as late as 1975 con
tain nonnal Type A B. popilliac spores, parasporal bodies, and vegetntive
cells in expected ratios and quantities. Thus, a normal milk'y disease e:dsts in
the area but the dense Inrvtu population seems to be resiso.mt to both strains.
Evidence that the resurgence ofbeetles in Connecticut has been caused by a
variant strain of B. popilliae has raised some questions. First, what has
happened to the Type A spore inoculum that was recently present in many of
the areas that are now infected with beetles? Second, how can a supposedly
less-virulent strain become dominant in the presence of the original virulent
Type A strain?

VIII. Summary

Bacillus popilliae represents a unique category among bacteria. It is gramo
"anable, &'\cultatively anaerobic, catalaseless, insecticid.'l1, and it fonns eno
duspores along with parasporal crystals. Whether parasporal crystals are
toxic to larvae is not yet fully detennined altllough some data (unpublished)
indiCtlte that there is pathogenicftY·associated with the crystals. Also, charae- 
ll'rization of the inclusion hodies is incomplete although we do know that
Ihl'Y are predominantly protein and can be separated into three cathodic
l"Olllponents ,,,.-hen solubilized cI)"stals are subjected to high-voltage elec
trophoresis. They contain no lipid or nucleic acids but do contain glycoprao
Il'in components (Weiner et al., 1974). Of the 17 amino acids present,
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glutamic acid and aspartic acid predominate, followed in order ofquantity by
leucine, valine, glycine, threonine, isoleucine, alanine, and arginine; no
unusual amino acids are present (Bulla et al., 1975).

The cause(s) oflarval death during the intermediate and terminal stages of
milky disease is not explained. A search for toxic compounds, exclusive ofthe
parasporal crystal, elaborated by the bacterium has proven futile. Physiolog
ical starvation of larvae during the infectious process (Bulla and St. Julian,
1972b) has not been proved, although there is evidence that the trophocyte
cells of the fat body are depleted of lipid globules during the disease (Sharpe,
1976).

What prompts efficient sporulation ofB. popilliae exclusive ofor \\ithin its
insect host also is not known. Attempts to determine the factor(s) that regu
lates spore formation in vivo and to simulate the sporulation process in liquid
artificial cultures have been unsuccessful. Currently, the most efficient
means of producing spores of B. popilliae for use as a commercial microbial
insecticide is by artificially infecting individual larvae. Obviously, such an
operation is costly and, therefore, large-scale fermentation production of the
spores would considerably reduce the costs. A much clearer understanding
of the metabolism of both the insect host and the bacterial pathogen as well
as some insight of the regulatory mechanisms that control bacterial
sporogenesis during the infectious process are needed to facilitate the de
velopment of a successful industrial fermentation for production of B. popil
liae spores.
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