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Bacillus thuringiensis was isolated from 36 of 50 residue samples obtained from an animal feed mill (a
stored-product environment). Of 710 selected colonies having Bacillus cereus-B. thuringiensis morphology
isolated from the samples, 477 were classified as B. thuringiensis because of production of parasporal
8-endotoxin crystals. There was a diverse population of B. thuringiensis, as revealed by differentiation of the
isolates into 36 subgroups by using (i) their spectra of toxicity to the lepidopterans Heliothis virescens, Pieris
brassicae, and Spodoptera littoralis and the dipteran Aedes aegypti and (ii) their parasporal erystal morphology.
A total of 55% of the isolates were not toxic to any of these insects at the concentrations used in the bioassays;
40% of all isolates were toxic to one or more of the Lepidoptera; and 20, 1, and 1% of the isolates were toxic
to only P. brassicae, I. virescens, and S. littoralis, respectively. The most frequent toxicity was toxicity to P.
brassicae (36% of all isolates); 18% of the isolates were Loxic to A. aegypti (5% exclusively), 10% were toxic to
I1. virescens, and 4% were toxic to S. littoralis. Toxicity to P. brassicae was more often linked with toxicity to
I1. virescens than with toxicity to S. littoralis. The frequency of toxicity was significantly greater in isolates that '
produced bipyramidal crystals than in isolates that produced irregular pointed, irregular spherical, rectan-

gular, or spherical crystals.

Bacilluy thuringiensis (Berliner) is widely distributed in
the environment and can be isolated from soil (9, 25, 29-31),
insccts (3, 12, 14), sericulture (silk farm) environments (3,
29), and leaves of certain deciduous and coniferous trees
(35). B. thuringiensis is a sporc-forming, gram-positive bac-
terium that is indistinguishable from the more common (9,
29) soil bacterium Bacillus cereus by most phenotypic char-
acteristios (1, 34); it can be distinguished by production of
one or more proteinaceous parasporal crystals (d-cndotoxin)
during sporulation. In certain strains, the d-endotoxin pro-
teins arce toxic to members of specilic insect genera, and this
has led to commercial development and use ol some strains
as microbial insecticides.

B. thuringiensis is also frequently isolated from stored
products (3, 4, 7, 11, 27). Delucea ct al. (8) described a new
serotype, B. thuringiensis subsp. colmeri, that was isolated
from grain dusts, and Donovan et al. (11) isolated a novel
strain of B. thuringiensis that is toxic to colcopteran larvace
from grain dust. Norris (27) traced the transport of one B.
thuringiensis variety for great distances across world trade
routes in stored products. Serological (2) and biochemical
techniques have been used to differentiate newly isolated B.
thuringiensis strains obtained from a variety ol sources (28,
36): however, these techniques do not relate direetly to the

s-endotoxins. Dulmage ct al. (14) studied the toxicity of
approximately 320 strains of B. thuringiensis in 23 species of

insects. The strains came from many dilferent locations and
were mainly isolated from insccts, stored-product residues,
and sericulture environments. In this study Dulmage et al.
used the specilic spectrum of toxicity of cach isolate to
classify the strains according to their insecticidal activitics.
They found that there was a fairly good but limited correla-
tion between insecticidal activity and variety, as defined by
scrotyping. In some cases, different isolates ol the same
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varicty produced dillerent d-cndotoxins, revealinga diver-
sity in the strains that was not revealed by serotypirg alone.
Kricg and Langenbruch (23) and Ellar et al. (15) have
suggested that the toxicity ol B. thuringiensis Lo différent
inscet orders could be uscd lor grouping strains into patho-
Lypes.

B. thuringiensis has been applicd ($ the environment in
increasing quantities as a microbial insccticide with no
reports of adverse cffects. However, relatively little is
known about the ceology of B. thuringiensis, in particular
the reason lor its widespread distribution. In this study we
assessed the distribution, frequency, and diversity ol B.
thuringiensis in one particular environment, a mill that
manufactures animal feedstull from grain that originates in
the United Kingdom and clsewhere. Such a mill is a special,
relatively closed environment into which malerial is regu-
larly introduced. The mill chosen for this study has never
been treated with commercial formulations of B. thuringien-
siy and, as B. thuringiensis is rarely applicd as an insccticide
on cereal crops, it is unlikely that commercial strains ol 3.
thuringiensis would predominate in the mill. B. thuringiensis
isolates were selected from samples of stored-product resi-
dues and were differentiated primarily on the basis of toxic-
ity to four insect species and also on the basis of crystal
morphology.

MATERIALS AND METHODS

Sample collection. Sumples ol residue were collected from
an animal feed mill in East Sussex, United Kingdom. The
arcu of the site is approximately 10,000 m*, much of:which is
used for storage of raw materials and finished products; the
site oceupies three stories, and the mill processes approxi-
mately 200 tons (ca. 204,000 kg) ol animal feedstuff per
month. The materials stored in the site include wheat,
barley, maize gluten, and wheatfeed that originate in the
United Kingdom and clsewhere. Samples (approximately 1
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g) of residue materials were collected from 50 separate
locations within the mill by scooping the materials directly
into sterile, disposable test tubes. The samples collected
reflected the variety of residue materials present within the
site (c.g., scttled grain dust, parts of inscct cadavers, insect
webbing, whole grains, and mammal and bird feces).

Isolation of B. thuringiensis. Approximately 0.5 g of each
sample was suspended in 10 ml of sterile distilled water, and
the preparations were mixed vigorously by vortexing for 1
min. After mixing, the solid matter was allowed to settle out
for 2 min, and then 1 ml of the supernatant was pasteurized
at 80°C for 3 min in prewarmed 20-ml glass universal bottles
to kill most non-spore-forming organisms. Insect cadavers
were first homogenized in 1 ml of sterile distilled water in a
sterile glass tissue grinder (Quickfit), and this was followed
by pasteurization. S&ll'ﬁ‘l|lﬂc.‘i were plated at two concentra-
tions (undiluted and 10~ " dilution) onto nutrient agar (Oxoid)
containing extra Technical No. 3 agar (Oxoid) so that the
final agar concentration was 2%. The plates were incubated
al 30°C for 48 h and examined for colonies having B.
cereus-B. thuringiensis morphology. Thé numbers of such
colonies that grew from any one sample varied from zero 1o
many hundreds, and it was not considered feasible to exam-
ine cvery B. cereus-B. thuringiensis colony obtained from
every sample. Therefore, routinely, @ maximum of 30 B.
cerens-B. thuringiensis colonies from any one sample were
selected and subcultured on sporulation agar, which con-
tained (per liter) 3.0 g of tryptone, 2.0 g of tryptose, 5.0 g of
NaCl, 1.5 g of yeast extract, 7.8 g of Na,HPO, (pH 7.6), and
1.0 g of MnCl - 4H,0 (36). Following incubation for 48 h at
30°C, the isolates were examined for the presence ol para-
sporal crystals by phase-contrast microscopy. Isolates
which had typical B. cercus cell morphology and contained
parasporal crystals were cligssified as B. thuringiensis; iso-
lates that did not produce parasporal crystals were classified
as B. cereus. A random selection of isolates classified as B.
thuringiensis were treated with Sudan Black (10), a stain that
is specific for poly-B-hydroxybutyrate granules (a common
storage polymer that is not specific o B. thuringiensis), in
order to ensure that isolates which produced poly-B-hy-
droxybutyrate crystals but not d-cndotoxin erystals were
unlikely to have been classified as B thuringiensis. 11
neeessary, following the first subculture, isolates were puri-
ficd by Turther subculturing on nutrient agar. To minimize
cross-contamination ol B. thuringiensis [rom dilferent sam-
ples, carelul aseptic techniques were used throughout. In
addition, the laboratory in which the isolations were per-
formed is located in i separate building that is some distance
[rom other laboratories in which B. thuringiensis is routinely
handled.

Growth of isolates for bioassays. Isolates were cultured at
30°C in Proflo B4 broth (13) (10.0 g of Proflo cottonseed per
liter, 2.0 g of peptone [Difeo| per liter, 15.0 g of glucose per
liter, 2.0 g of yeast extract [Difco] per liter, 1.0 g of CaCO,
per liter. 0.3 ¢ ol MgSO, - TH,O per liter, 0.02 g of
FeSO,  7HL0 per liter, 0.02 ¢ of ZnS0O,, - TH,0 per liter,
0.02 & of MnSO, - TH,0 per liter) in 250-ml fluted Erlen-
meyer Mlasks shaken at 250 rpm. During growth, the cultures
were periodically examined by phase-contrast microscopy,
and the erystal morphology ol cach culture was determined.
Cultures were harvested either when at least 95% of the
population had lysed, releasing spores and crystals, or, in
pare cases, when maximum lysis (less than 95%) had been
reached, as determined by at least three consecutive micro-
scopic examinations, Cultures were then stored in a 15%
(volivol) glyeerol (AnalaR) solution at =70°C.
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Crystal morphology. During growth in Proflo B4 broth and
prior to cell lysis, the isolates were examined by phase-
contrast microscopy and, on the basis of parasporal crystal
morphology, were placed in five classes (Table 1).

Bioassay. The toxicity of B. thuringiensis isolates for
members of the Lepidoptera was determined by using neo-
natal larvac of Heliothis virescens, Pieris brassicae, and
Spodoptera littoralis that were given a treated artificial diet.
The toxicity for members of the Diptera was determined by
using third-instar larvac of Aedes aegypti in a water assay.
Because of the large number of isolates involved, toxicity
was determined in assays in which B. thuringiensis broth
cultures were added at a single concentration.

The three members of the Lepidoptera were chosen be-
cause they are good indicator species for a number of the
lepidopteran-active genes of B. thuringiensis. Pieris brassi-
cae is susceptible to toxins that are expressed by a wide
range of B. thuringiensis toxin genes, whereas Spodoptera
littoralis is susceptible to only a few toxins, which are
different than the toxins that are toxic to Pieris brassicae.
Heliothis virescens differs from the other two insect species
in its susceptibility to B. thuringiensis toxins (19). In addi-
tion, there is a good relationship between the susceptibility
of these insects and a number of lepidopterans that infest
stored products (14).

For Pieris brassicae, broth was mixed thoroughly into
molten-agar-based artificial dict (6) (which included 100 pg
of cefataxime [Roussel Laboratories, Ltd.] per g, 200 g ol
streptomycin [Sigma Chemical Co., Ltd.] per g, and 100 pg
of tetracycline [Sigma] per g to inhibit bacterial contamina-
tion) at a rate of 0.1 wl g~'. The dict was then poured into
petri dishes (diameter, 9.5 cm) and allowed to set and surface
dry, after which 20 nconatal larvac were added. Replicate
plates were prepared for cach bioassay.

For Heliothis virescens and Spodoptera littoralis, broth
was incorporated at rates of 0.5 and 1.0 pl g, respectively,
in a different agar-based artificial dict (18). Because of the
cannibalistic nature of Heliothis spp., 25 nconatal larvac
were separated individually into 2-ml polystyrene autoana-
lyzer cups containing approximately 0.5 ml of diet. The
bioassay preparations were incubated for 5 days (Pieris
brassicae) or 1 days (Spodoptera littoralis and Heliothis
virescens) at 25°C, and the numbers of live larvae were
counted.

For the members of the Lepidoptera, groups of 30 isolates
were tested in cach assay together with a standard strain.
strain GCY1 (59, and a control containing no bacteria. The
standard strain was chosen because it had a high level of
toxicity for all of the Lepidoptera species tested; it provided
a means [or compensating for variations in the susceptibility
of the insects in each bioassay group. For each assay
(Lepidoptera and Diptera) the concentration of the broth
preparation added was equivalent to the concentration of the
standard strain that produced 50% mortality in the insect
(i.c.. the 509 lethal concentration of the standard strain).

For Aedes aegypti, whole broth preparations were sus-
pended in distilled water (10 pl ml ™'y in plastic cups to which
25 third-instar larvac were added. The standard strain used
was strain GC327 (33), a strain which is toxic to dipterans
and is moderately toxic to Aedes aegypti. Assay prepara-
tions were incubated at 25°C, and the numbers of live larvac
were determined after 1 and 24 h,

Because of the relatively low concentrations of the broth
preparations used in the bioassays, it is unlikely that factors
other than d-endotoxin (¢.g.. nonspecific B-exotoxins, which
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TABLE 1. Spectrum ol toxicity of B, thuringiensis isolates obtained from an animal feed mill:

isolates grouped hy toxicity and crystal morphology”

Toxicity to:

Mo, of solates with the following
erystal morphology

Group I No. ulh
Pivris Aedes Helienhis Spodoprera isolates ip y 5 .
brassicae acEyvpri VIrCSCeny fitteralis il L I & &
1 - - - 263 106 74 27 20 30
5 i = T 72 16 1 3 1
3 — ¥ = - 33 7 4 1 3 2
4 - — 4 - 7 4 . i 1 1]
5 - - - + TERER 5 i 1] 1] 2
6 + + = 3= 32 8 2 1 0
7 + - + — e 7 1] 8] ( (
b + - - + R 8 1 0 1] i
9 — + + - [ 4 1 1 0 1}
10 —* + - } 1# 1 ] () ) {
11 == = + + ( 0 i §l 0 0
12 + + + — e S 15 0 5 0 0
13 + + — + * () 1 1] 1] 0
14 + - . 4 AR 2 { () 0 0
15 + + + ] 0 ( ] U] (
16 t + + + i 2 il ] 0 ()
Total 477 253 112 40 28 44
Group 1 (as % ol 1otal) 55.1 41.9 Hhi. 1 067.5 714 S1.8
Binomial SE 3,10 4.47 7.40 8.53 5.81

@ The total number of isolates was 477, The number of subgroups differentiaied was 36

 Values with different numbers of asterisks are signiticantly differentat the 1%

=, nol loxic; +, loxic,

usually must be present at much higher concentrations o be
fatal) (24) were the cause of mortality.

For all of the assays, the rates of mortality for the standard
strain and the isolates were corrected for the control rate of
mortality in cach assay group by using Abbott’s formula
(16), p = ¢ + (1 = ¢)p', where ¢ s the control rate of
mortality and p and p’ are the corrected and observed rates
of mortality, respectively.

Simply determining the difference between the corrected
standard and test rates of mortality gave a measure of the
efficacy of a test isolate and further compensated for any
variation in the susceptibility of the larvac. However, pro-
portions (like percentages) are not additive, and it was better
to- translate these values into an empirical logit scale (20),
i.c., logit (#/n) = log. |#/(n = r)], the logarithm of the ratio of
dead larvace () to survivors (n — r). In this way we arrived at
the following simple measurement: logit (corrected mortal-
ity, test isolate) = logit (50% mortality, standard) — logit
(single assay, standard) + logit (single assay, new isolate),
which was positive if the test isolate caused higher mortality
than the standard strain. Since the concentration for cach
lepidopteran assay was set at the average 50% lethal con-
centration obtained from a series of strain GC91 assays, the
measurement described above could be considered a mor-
tality rate for the new isolate that compensated for day-to-
day variation in the susceptibility of larvac. These calcula-
tions were performed by using a computer program that was
written in Genstat (32), although they could just as casily
have been made by using other statistical packages, such as
MINITAB, or indeed by using a simple calculator. If we
made the additional assumption that multiconcentration as-
says for test isolates and for standards would give log
concentration-logit mortality curves with the same slope,
then the statistic described above expressed the potency of a
test isolate relative to the potency of the standard, based on

level: tests were Based on g test i winch binomial standiard errors were used.

single-concentration assays performed with the isolate and
the standard (16).

Isolates were considered toxic il they caused 20% or more
mortality in a bioassay. after compensation for control and
standard mortality. Thus, under the test conditions which we
used. isolates were considered nontoxic il they caused 19%
or less mortality. Sorting of the bioassay data for analysis of
results was performed with the aid of dBase IV (Ashton
Tate).

RESULTS

Distribution of B. thuringiensis in the mill. We colleeted
samples which represented a varicty of residues found in the
animal feed mill. Some samples were [rom very dry places,
while others were dampened by proximity to the outside
brick walls of the old building. Some samples consisted
primarily of settled dust, and many consisted of a varicty of
grains, cither whole or in various degrees of inscct attack
and decay. Samples were collected from spillages of grain in
isolated corners or in dead spaces in machinery runs. Settled
dust samples were collected from the tops of girders, from
around and on top of machinery, and from under conveycr
belts. In many places, rodent droppings were found, and in
the upper storics, bird droppings were found; on window
sills, there were aggregations of diverse insects and spiders
and their frass shrouded in dust. Most of the residue grain
was infested with beetles, and frequently there were tangled
knots of silk, cocoons, and frass of lepidopterous larvae.
Most species of stored-product insects that are likely to be
found in United Kingdom mills (c.g., the lepidopterans
Anagasta kuehniella, Hofimannophila pseudospretella, En-
drosis sarcitrella and he colecopterans Laemophloeus
minuta and Tribolium spp.), grain stores (e.g., Sitophilus
spp. and Rhizopertha dominica), and farm stores (c.g.,
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TABLE 2. Sample materials collected from the animal feed mill

Mo, of samples No. of samples yielding

Sample material

collected B. thuringiensis
Settled dust 18 14
Debris 9 6
Insects 7 4
Grain 6 3
Insect webbing 3 3
Guano 3 3
Mammalian fecal pellets 2 2
Bird nests 2 1

Oryzaephilus surinamensis) were observed in various parts
of the mill.

A total of 36 of the 50 samples collected, including at least
one-hall of the samples in all categories, yielded B. thurin-
giensis (Table 2); all samples of guano, mammalian fecal
pellets, and insect webbing contained B. rhuringiensis. In
general, the numbers ol colonies of both B. cereus and B.
thuringiensis that were isolated rom the settled-dust and
webbing samples were greater than the numbers of colonies
that were isolated from the other sample materials. Samples
that were noticeably damp yielded very few B. cereus-B.
thuringiensis colonics. All ol the samples that yielded 5.
thuringiensis also contained B. cereus, bul B. cereus was
also present in a number ol samples that did not yield B.
thuringiensis. We examined a representative cross-section
ol all bacterial colonies and found no isolates that had colony
morphology dillerent from the B, cereus-B. thuringiensis
type and produced parasporal inclusion bodics,

Overall, B. thuringiensis was isoluted more frequently
than B. cerens. We selected 710 colonies ol B, cereus-B3.
thuringiensis from all of the samples, and 67% ol these
colonics were classificd as B. thuringiensis because ol pro-
duction of parasporal crystals; these colonies yielded 477 B.
thuringiensis isolates.

Differentiation of B. thuringiensis isolates on the basis of

toxicity. There were 16 possible combinations ol toxicity Lo
the Tour inscct species which we used, ranging [rom nontoxic
to any ol the insects under the conditions used o toxic to all
lour insects (Table 1), and cach isolate was placed in 1 ol the
16 groups. In addition, the isolates were further dilferenti-
ated into subgroups on the basis of crystal morphology
(Table 1).

There were 14 groups ol B. thuringiensis that were diller-
entiated on the basis of toxicity alone. The members of the
largest group appeared to be nontoxic to any of the insects at
the concentrations used; this group (group 1) contained 263
“isolates (55% of the total). The second largest group, group
2, contained those isolates that were sclectively toxic Lo
Pieris brassicae: this group contained 96 isolates (20% of the
total). Several groups contained only a lew isolates, and two
groups (groups 11 and 15) (Table 1) contained no isolates:
these groups were defined as toxic to Heliothis virescens and
Spodoptera littoralis but nontoxic to Pieris brassicae. In all
ol the groups, only 20 isolates (477) were delined as toxic o
Spodoptera littoralis. Overall, 40% ol the isolates were toxic
Lo members of the Lepidoptera at the concentrations used,
with 20, 1, and 1% being toxic exclusively (o Pieris brassi-
cae, Heliothis virescens, and Spodoptera littoralis, respec-
tively. A total of 18% ol isolales were Loxic to Aedes aegypti
(5% exclusively), 10% were toxic wo Heliothis virescens, and
00 were toxic W Spodoptera littoralis. The most frequent
insect loxicily was toxicity 1o Pieris brassicae (36% of all

-~
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FIG. 1. Distribution of corrected mortality of Pieris brassicae
caused by . thuringiensis isolates.

isolates; 64% ol these isolates were also toxic to Heliothis
virescens, and 40% were toxic to Spodoptera littoralis).
Distribution of toxicity to Pieris brassicae. Figurc 1 shows
the distribution ol corrected mortality for the isolates sepa-
rated into groups (as suggested by K. Bernhard [La]); in Fig.
1, cach value represents a 5% step in mortality to Pieris
brassicae.” Pieris brassicae was chosen because it was sus-
ceptible to the greatest number of isolates. A large number ol
isolates with -a particular toxicity would have produced a
large peak (or peaks). The only large peak is in the 0 to 4%
corrected mortality group, which contained most ol the
isolates. However, within this group, isolate diversity was
evident, as many isolates could be dilferentiated on the basis
ol toxicity to other inseets and on the basis of crystal
morphology (Table 1, groups 1, 3, 4, 5, and 9). There are no
other lurge peaks in Fig. 1, suggesting that repeated isolation
ol one strain or of a small number of strains that caused
substantially different mortality levels did not oceur.
Differentiation of B. thuringiensis isolates on the basis of
toxicity and crystal morphology. The following five major
classes ol erystal morphology were represented in our iso-
lates: class 1, bipyramidal (BP) or near BP, such as the
morphology obscrved in B. thuringiensis subsp. kurstaki
(although the class 1 isolates could contain crystals having
other morphology in addition to BP); class 2, irrcgularly
pointed (IP); class 3, spherical (S); class 4, irrcgularly
spherical (IS), as in B. thuringiensis subsp. israelensis; and
cluss 5, rectangular (R), as in B, thuringiensis subsp. tene-
brionis. Isolates that produced BP crystals were the most
common (53% of the isolates) (Fig. 2). Of the remaining
isolates, 24% produced [P crystals, 9% produced S crystals,
8% produced IS crystals, and 6% produced R crystals.
Isolates containing combinations of 1P, S, IS, and R crystals
were rare and were classified on the basis of the larger
crystals ot the predominant crystals. The frequency of
toxicity was significantly greater (significance was assesscd
by using binomial standard errors) in isolates that produced
BP crystals than in isolates that produced IP, IS, R, or $
crystals (Fig. 2 and Table 1): also, the frequency of toxicity
was greaterin isolates that produced IP or IS crystals than in
isolates that produced S erystals. A total of 34% of the
isolutes that produced IP crystals were toxic to one or more
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inscets, and 33, 29, and 18% of the isolates that produced 1S,
R, and S crystals, respectively, were also toxic (o once or
more insects. Of the 192 isolates that were toxic to members
of the Lepidoptera, 73% produced BP crystals, 15% pro-
duced 1P crystals, 3% produced S crystals, 6% produced 15
crystals, and 3% produced R erystals. In contrast, two-thirds
of the 22 isolates that were exclusively toxic to Aedes
aegypti had non-BP types of crystals.

Of the 14 groups that were differentiated on the basis of
toxicity (Table 1), groups 1 through 6, 8, 9, and 12 had more
than one crystal class represented. Since all isolates were
grown in the same medium under very similar conditions
(within the limits of batch culture techniques) and crystal
morphology was always determined by the same person, it

Arpr. ExviroN, MICROBIOL.,

was decided for the purposes of this study only that crystal
morphology could be used as a secondary characteristic.,
after toxicity spectrum, to further characterize isolates.
Assuming that different crystal morphologics within a given
toxicity group represented additional subgroups of B. thur-
ingiensis, 36 subgroups were differentiated.

Analysis of the data revealed a diverse B. thuringiensis
population at the site, and in order to establish whether
such diversity also existed within a single residue sample, all
68 B. rthuringiensis isolates that were obtained from: one
particular sample were differentiated into subgroups on the
basis of toxicity and crystal morphology (Table 3) in the
same way as the total isolate collection. In this analysis,
21 subgroups were differentiated, indicating that there was
also a diverse population of B. thuringiensis within onc
sample. The most frequent isolates were selectively toxic to
Pieris brassicae (group 2 contained 20 isolates, 29% of the
total). Isolates that appearcd to be not toxic (group 1.
containing 15 isolates [22% of the total]) were the sccond
most frequent isolates. This contrasts with our results for the
isolates obtained from all of the sumples (Table 1), in which
nontoxic isolates were the most frequent isolates (group 1,
containing 263 isolates [55% of the total]), indicating that
there was a dilference in the distribution and frequency of B.
thuringiensis strains between the single sample and all
samples.

The diversity of the isolates from the single sample was
supported by the results of a plasmid profile analysis per-
formed by using the method of Jarrett (20). Many isolates
that were differentiated on the basis of toxicity spectrum and
crystal morphology (Table 3) also had different plasmid
profiles. In particular, isolates belonging to the same toxicity
groups (Table 3) that were differentiated on the: basis of
crystal morphology were found to have much different
plasmid profiles. This confirmed that for the purposes of this
study, erystal morphology was a usclul sccondary charac-
teristic by which isolates could be differentiated. - <

TABLE 3. Spectrum of toxicity of B. thuringiensis isolates obtained from a single residue sample:
isolates grouped by toxicity and crystal morphology”

Toxicity 1o

No. ol isolates with the following
crystal morphology:

G No, of
iroup gt

Pieris Aedes Heliothis Spodoptera isolates Bp I IS R g

brassicae aegyplt VIresceny littoralis : :
1 i = = - 15 8 4 1 1 1
2 + — = = 20 19 0 0 1 0
3 = + - - 3 2 1 0 0 0
4 — == + = 0 0 0 0 0 0
5 = — = + 0 0 0 0 0 0
6 + + = — 4 3 1 0 0 0
7 + = + = 4 4 0 0 0 0
8 + —~ o + 3 2 0 1 0 0
9 = + % - 3 2 1 0 0 0
10 = + o + 0 0 0 0 0 0
11 = = + + 0 0 0 0 0 0
12 + + + = 14 8 1 5 0 0
13 + + — + 0 0 0 0 0 0
14 + - + + 1 1 0 0 0 0
15 = + + + 0 0 0 0 0 0
16 # + + + 1 1 0 0 0 g
Total 68 50 8 7 2 1

“ The total number of isolates was 68. The number of subgroups differentiated was 21.

P — | pot toxic; +, loxic.
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DISCUSSION

In a survey of grain residue samples obtained from a
number of different sites, DeLucca et al. (7) found that B.
thuringiensis was present in 55% of their settled-dust sam-
ples. This compares well with the findings of our study, in
which B. thuringiensis was isolated [rom 78% of the scttled-
dust samples. However, in this study the overall rate of
isolation of B. thuringiensis was higher; B. thuringiensis
made up 67% of the 710 colonies examined, compared with
31% of the 255 colonies examined by DeLucca et al. (7). This
may reflect natural variations in bacterial populations in
different locations and sample materials. In addition, De-
Lucca ct al. observed no insect cadavers, webbing, or fecal
material (7) and examined only settled dust.

In this study, in the residue samples that contained B.
thuringiensis, this species substantially outnumbered B.
cereus. This is in contrast to the findings in studies in which
workers have isolated B. thuringiensis rom soil, where B.
cereus greatly outnumbers B. thuringiensis. For example, in
a study of 136 soil samples rom Japan, in which pasteuriza-
tion was used as the only selection procedure, only 189 of
6,910 B. cereus-B. thuringiensis group colonics contained
parasporal erystals (29). In a study of United States soils in
which antibiotic selection was used, DeLucca etal. (9) found
that only 0.5% ol 46,373 isolates belonging to the B.
cerens-B. thuringiensis group were B thuringiensis isolates.
Using acetate broth selection, Martin and Travers (25) found
that B. thuringiensis was a widespread soil bacterium, al-
though no comparison with the occurrence of B. cereus was
made.

The reason for the higher requency ol B. thuringiensis
than B. cerens in the mill environment compared with soil is
not known, but there may be opportunities for enrichment of
B. thuringiensis within a stored-product environment. In
some cases, B. thuringiensis multiplics in the cadavers ol
inscects that have been killed by the B. thuringiensis toxin (4).
These cadavers may themselves be ingested by Lepidoptera
larvae (4), scavenging inscets, birds, and mammals, who
thus spread spores in their feces. Indeed, in this present
study. B. thuringiensis was isolated from samples of bird and
mammal feces. There was evidence ol much lepidopterous
and coleopterous activity in the mill. There was inscct
webbing on the walls and beams, and there were portions of
insect cadavers, as well as whole cadavers, in residues: this
ceological situation fits the concept of possible spread and
enrichment ol B. thuringiensis.

A total of 36 subgroups of B. thuringiensis were differen-
tiated on the basis ol toxicity and erystal morphology,
revealing a diverse B. thuringiensis population within the
mill. There was also a disparate and diverse B. thuringtensis
population within a single residue sample, as indicated by
the Tact that the distribution and [requency of subgroups in a
single sample differed from the distribution and frequency of
subgroups in all of the samples. In addition, i additional
inscets orders (e.g., Coleoptera) were used, itis possible that
additional subgroups ol B. thuringiensis would be revealed.
No susceptible coleopteran inseet colony was available at
the time of this study, but work is currently under way to
assess the distribution ol coleopleran-toxic B. thuringiensis
isolates in the mill.

There are two lactors that may contribute to the diversity
ol isolates Tound in this location. Grain and other products
are regularly brought into the mill alter they have been held
previously in farm stores and warchouses prior to shipment,
allowing exposure 1o insects and buildup ol B. thuringiensis
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from a wide varicty ol sources. B. thuringiensis may also be
present naturally on the plant material (35) or from soil
contamination. Thus, there is likely to be a regular input of
new strains (and hence genotypes) of B. thuringiensis into
the mill ecosystem. Also, within infected insects, there is the
opportunity for transfer of plasmids that code for 8-endo-
toxin genes from one bacterial strain to another (22) by a
conjugationlike process (17). Thus, there is a potential for
emergence of diverse populations of B. thuringiensis brought
about by natural processes of plasmid transfer in the envi-
ronment. Such diversity may not be revealed by biochemical
or serological tests since these methods are not directly
related to 3-endotoxin genes, whereas the insect bioassay is
a sensitive method for revealing the spectrum of d-endotoxin
genes present in a strain (14).

The most frequent isolates were those that appeared to be
nontoxic at relatively low concentrations. It seems paradox-
ical that an entomopathogen should carry genes for the
production of a crystal that is not toxic. However, many of
the apparently nontoxic varieties isolated in this study are
probably toxic at higher concentrations (21) or may affect
different inscct or other animal species. [t is also possible
that 8-endotoxins have other, as-yet-undiscovered, proper-
tics and lunctions that are not related to insect toxicity. Of
the toxic isolates, those with activity against Pieris brassicae
were the most common. This indicates that Pieris brassicae
may generally be more susceptible to B. thuringiensis than
the other inscct species used in this study. Interestingly, it is
unlikely that the source of the strains thal were toxic to
Pieris brassicae in the grain dust was originally this host
inscet, as Pieris brassicae is predominately a pest'of plants
helonging to the cabbage family and does not live on cereal
crops or in stored-product warchouses. A number of isolates
in this study cxhibited toxicity to Aedes aegypti at a rela-
tively high concentration. On I‘yrlhcr lesting at a much lower
concentration, however, none'was found to be as active as
the mosquitocidal isolate B. thuringiensis subsp. israelensis
IPS 82.

[n this investigation, as well as in other studies (7, 9, 24,
28, 30, 31), B. thuringiensis and B. cereus were usually
isolated together. This indicates that in addition to the close
taxonomic relationship of these organisms (1, 34), there may
be a close ccological relationship. Additional comparisons of
the distribution and frequency ol B. thuringiensis isolates
obtained from a number of dilferent ecosystems may lead to
a better understanding of the ecology ol this organism and its
relationship with B. cercus.
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