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ABSTRACT. This study examines the efTect of routine gamma radiation based on cobalt 60 on the viability,

mosquito larvicidal activity, and density of bacillus spores in the soil. Although 1 g of unirradiated powder of

Bacillus thuringiensis israelensis (B/i) contains on average 6.2 x 7Oe spores, no spores survived radiation doses

of 20.6 kGy and higher. Radiation at a dose of 20-25 kGy caused a 2O-3OVa reduction in the effectiveness of

Bri powder against mosquito larvae. In areas treated with unirradiated Bti material on average twice a year, soil

contained 700,000 to 44 million spores per gram. In areas treated with irradiated Bti products, either no Bll

spores or fewer than | 00,000 were found per gram of soil. A radiation dose of 25 kGy fulfills the requirements

of killing all spores in a Bti product and maintaining the effectiveness of the product in routine treatments. No

viable spores remain in water used for household purposes or irrigation of garden areas when irradiated Bti fizzy

tablets are used in water containers. Irradiation of Bti products fulfills the requirements of drinking water reg-

ulations and thus allows these products to be used widely.
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INTRODUCTION

Hundreds of tons of products based on Bacillus
thuringiensis are used yearly against lepidopteran
pest species in agriculture and forests, as well as
against mosquitoes and black flies, without signif-
icant adverse effects on nontarget species (Becker
and Margalit 1993). In Germany, Bacillus thurin-
giensis israelensis (Brl, serotype H-14) has been
used widely since 1981. During this period, the na-
tional mosquito control program carried out by the
German Mosquito Control Association (KABS)
treated almost 200,000 ha of mosquito breeding
sites with about 100 tons of Bti wettable powder
and fluid concentrates. Powder formulations also
have been used to produce approximately 1,2O0
tons of Brl granules to apply to wetlands by heli-
copter or ground equipment (Becker 1997). Since
1992, several million effervescent tablets (regis-
tered as Culinex tablets) have been used annually
against larvae of Culex pipiens L., Culiseta annu-
/ara (Schrank), and Anopheles plumbeus Stephens,
which usually breed in large numbers in artificial
containers such as rainwater butts, water catch-
ments, and cesspools in settlements. In river flood-
plains, many mosquito breeding sites occur in areas
set aside for drinking water catchments. People of-
ten collect rainwater in containers to irrigate plants
intended for human consumption. Effervescent Bti
tablets have proven to be a suitable tool for control
of mosquito larvae in these containers (Becker et
al. l99l;' Kroeger et al. 1995). Although Bri is con-
sidered safe (WHO 1999), people prefer bacilli- or
spore-free products to avoid the risk of contami-
nation. Because German authorities allow only Bti
products that do not contain living bacilli or their
spores, an asporogenous mutant of Bli was used to
produce the tablets for control of Culex. During the
fermentation process, the yield of this asporoge-
nous mutant was not as good as expected and the

stability of the mutant was also questionable. As a
result, KABS decided to use a commercial, high-
potency, Brl product based on the wild-type B. thu-
ringiensis H-14. To comply with German law, the
KABS decided to use gamma radiation to sterilize
the microbial control agents. This study examines
the effect of routine garnma radiation on viability of
bacillus spores, mosquito larvicidal activity, and en-
vironmental consequences.

MATERIALS AND METHODS

Radiation process

Irradiation was accomplished with cobalt 60 (Co
60) in a type JS-8500 device (NORDON Interna-
tional Inc., Kanata, Ontario, Canada). The equip-
ment, which has a capacity of 2 million Ci, was
operated by Willy Ruesch AG (Kernen, Germany).
For the continuous irradiation process, each irradi-
ation carton was registered and labeled with the fol-
lowing information: date of registration, batch
number, desired radiation dose, and registration
number. The units were automatically transferred
from a storage conveyor into the irradiation cham-
ber, where they were circulated on 2 levels, trav-
eling twice around the Co 6O radiation source. The
master clock for the duration of the radiation was
set according to the required radiation dose as well
as on the actual Co 6O strength. In this study, ra-
diat ion doses of 5, 10, 15, 20,25,30, and 35 kGy
were chosen. Red Perspex dosimeters (type 4034,
Harwell Dosimeters, Didcot, UK) with external di-
mensions of 10 x 30 x 3 mm, sealed in aluminum
foil, were used to check the absorbed routine ra-
diation dose. The accuracy of the dosimeters was
+5Vo.

Bactimos" wettable powder (batch BIQI 0003,
Novo Nordisk, Bagsvaerd, Denmark) with an activ-
ity of 3,500 ITU/mg was used for the irradiation.
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For each radiation dose, 4 polyethylene bottles
were each filled with 100 g of Bri wettable powder.
Four bottles remained unirradiated as controls.

Assessment of radiation effect on spore
viability

To determine the number of spores after irradi-
ation with different doses, four 0. 1-g samples of
powder were taken under sterile conditions from
each of the irradiated flasks of Bactimos wettable
powder and transferred into I ml of sterile distilled
water in Eppendorf microtubes. After homogeni-
zation with a Vortex (Heidolf Instruments GmbH,
Schwabach, Germany), 100 pl of the solution was
removed from each container with a Drigalski spat-
ula and smeared onto nutrient agar. The agar dishes
were prepared with agar and nutrient broth (com-
prised I g of meat extract, 2 g of yeast extract, 5
g of peptone, and 5 g of sodium chloride; Fluka
AG, Sigma Aldrich Chemie GmbH, Munich, Ger-
many) and distilled water. Altogether, 17 g of agar
and l3 g of nutrient broth were measured into each
liter of distilled water. The liquid agar (pH 7) was
placed in an autoclave for 15 min at l2l"C and then
poured into sterile standard petri dishes.

Each Eppendorf microtube provided smears for
4 agar dishes (4 X 100 pl). For each radiarion dose,
64 plates were inoculated and incubated for 48 h at
30"C and each was inspected after 24 and 48 h to
check bacterial growth. As a control, 8 agar dishes
that had been treated only with distilled water were
added to each irradiated batch.

The bacterial colonies each were examined oc-
casionally with a light microscope during the 48-h
period to see whether spores or crystals were form-
ing. The number of ,Bri colonies was counted. The
experiment was begun with the powder that had
been subjected to 35 kGy of radiation. Materials
exposed to smaller doses were diluted to keep the
number of spores within countable limits.

Assessment of radiation effect on larvicidal
activity of B/r

Bioassays were carried out with powders ex-
posed to different levels of radiation to investigate
the reduction in effectiveness because of damage to
the protein crystals. The bioassays followed World
Health Organization guidelines (WHO 1981). Ac-
cordingly, 50 mg of each sample of Bactimos pow-
der was weighed and poured into a 20-ml penicillin
flask, then l0 ml of deionized water and 15 glass
beads (6-mm diameter) were added. This suspen-
sion was homogenized for l0 min at 700 strokes/
min in a shaker. Then 0.4 ml of the initial suspen-
sion was added to 39.6 ml of deionized water in a
test tube. This was agitated for a few seconds by a
Vortex-type agitator at maximum speed. Depending
on the concentration required, 15-1,500 pl of ho-
mogenized and diluted Bactimos wettable powder

suspension was added to 200-ml plastic cups, pre-
viously filled with 148 ml of distilled water. Twen-
ty-five 4th-stage larvae of Aedes aegypti (L.) were
added to each cup with a Pasteur pipette. Range-
finding bioassays were made to save time, with
only 2 widely spaced concentrations of the test ma-
terials. The results were used to estimate the con-
centrations needed in the final assay to obtain a
reliable regression line.

Four cups were used for each concentration and
the control. The latter were filled with 150 ml of
deionized water. All tests were conducted at 25oC
(- f  l ' c ) .

Mortality data were read and recorded after 24
and 48 h by counting both dead and living larvae.
Pupae were removed when they emerged and were
not included in the mortality count. When control
mortalities exceeded 57o, the percentages observed
in the treated containers were corrected according
to Abbott's formula (Abbon 1925). Test series with
control mortalities greater than lOVo were discard-
ed. The results were subject to log-probit analysis
(Finney 1971, Raymond 1985) and median lethal
concentrations were determined.

Assessment of Bti spore density in areas
treated with irradiated and unirradiated

B/i products

In the spring of 1996,25 soil samples were ex-
tracted in each of 8 areas in 2 geographically sep-
arate regions (region A: on the German east side of
the Rhine River; region B: on the French west side
of the Rhine River). In region A since 1983, an
average of 2-4 treatments with irradiated Bti prod-
ucts were made annually after periods of floods;
whereas in region B, similar treatments were made
but with unirradiated Bri products. Regions A and
B were separated from each other by more than 50
km. In each region, 5 soil samples were taken in 4
of the areas treated, at each of 5 locations. The
same number of soil samples was taken in nearby
untreated areas. The untreated samples were chosen
so that they could not have been contaminated ac-
cidentally by Bti.

The soil samples were taken with a metal tube
(square section, l0 X 10 cm) that was hammered
5 cm into the soil. The sample was sliced off and
retrieved. The basic sampling pattern at each loca-
tion was a l0 x l0-m square. A soil sample was
taken in each corner of the square and I was taken
in the center. Each sample was placed in an indi-
vidual plastic container and thoroughly stirred. Two
grams of earth were taken from each sample and
combined in a plastic bag. These 1O-g composite
soil samples were again mixed thoroughly and
stored at room temperature, taking care to clearly
mark each area of origin of the 80 samples.

Soil sample treatment: From each sample, I g
of soil was weighed and placed in a screw-top glass
test tube together with 10 ml of sterilized distilled
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water. The samples were well shaken and then
placed in a hot water bath at 80'C for 10 min. Kal-
fon et al. (1986) showed that a heat shock of 80"C
for l0 min was sufficient to kill bacilli and spores
that were not heat resistant, but would not eliminate
heat-resistant microorganisms. After cooling, the
test tubes were placed in a refrigerator at 5oC, to
prevent any new growth of heat-resistant spores.

Counting of the Bti spores: To isolate the heat-

resistant bacilli in the 80 samples, a series of 10-
fold diluted samples was prepared. In each case, 0.1
ml of aqueous suspension from the test tubes was
mixed with 0.9 ml of sterile distilled water. The
process was repeated with each dilution until a di-
lution of 10-6 was achieved. Then 0.1 ml of the
undiluted sample as well as similar amounts of the
l0-r,  l0-2, l0-3, 10 a, and 10 6 di luted samples
were smeared onto each of 3 nutrient agar dishes
and incubated at 3O'C for 48 h. Examination and
counting of the bacterial colonies followed. The di-
lution at l0 3 seemed to be best for the isolation of
Bri. Colonies with growths typical of B. thuringien-
sls were examined with an optical phase-contrast
microscope for crystal and spore development.

Bacillus thuringiensis colonies were relatively
easy to recognize by their characteristic growth pat-
tern. These colonies were usually white and dis-
played a typical sheen. Accurate identiflcation re-
quired use of a phase-contrast microscope. For this,
a small quantity of the colony being examined was
removed from the agar with a wooden toothpick
and placed on a slide in a drop of water. Evidence
of spores and crystals then was observed with the
phase-contrast microscope. The larvicidal activity
of the identified B. thuringiensis strains was deter-
mined through bioassays with mosquito larvae. Ten
milliliters of sterile distilled water and 10 3rd in-
stars of Aedes vexans (Meigen) were placed in a
20-ml plastic beaker. A syringe of bacteria from the
bacterial colonies was placed in an Eppendorf con-
tainer already containing I ml of sterile distilled
water. After homogenization with a Vortex, the sus-
pension was divided into 3 samples in plastic bea-
kers. The tests on each colony were divided into 3
stages. Three beakers with distilled water and mos-
quito larvae acted as a negative control. As the pos-
itive control, a 3-fold experiment with a bacterial
suspension was undertaken with agar-fed bacteria
of the IPS-82 standard (Institut Pasteur, Paris,
France). The mortality was determined after 20 min
and 24 and 48 h. If mortality exceeded 2OVo in the
negative control, the experiment was rejected. After
identification of the Bti colonies, the number of Bti
spores per gram of soil was determined for each of
the test areas, taking into account the various di-
lutions. Most of the spores and crystal-developing
bacteria (8. thuringiensis isolate) were sent to the
Pasteur Institute. Paris. for determination of their
serotype.

Table 1. Effect of gamma irradiation on spore viability
of a wettable powder (WP) formulation of Bacillus

Viable sPores/mg
Doses (kGy) WP SD

0
5.7
10.9
15.6
20.6
24.9
30. I
35.4

RESULTS

Assessment of radiation effect on
spore viabilitY

The radiation doses measured with the dosimeter
were 5.7, 10.9, 15.6, 20.6, 24.9, 30.1, and 35.4
kGy. As expected, a negative correlation was found
between radiation dose and viability of the bacillus
spores. Table I and Fig. I show this correlation. On
average, 1 g of unirradiated Bti powder contained
6.2 x l}e spores. However, spore viability was
greatly reduced when the powder was subjected to
radiation at 15.6 kGy. No spores survived radiation
doses of 20.6 kGy and higher.

Assessment of radiation effect on larvicidal
activity of Bti

The results of the bioassays show that irradiation
with Co 60 can cause a reduction in the effective-
ness of the Bti powder (Table 2). Although 9OVo of
toxicity remained after a dose of l0 kGy, increasing
the dose to 2O-25 kGy lowered the effectiveness
by 20-30Vo, and after a dose of 35 kGy, this was
further reduced to 5O7o. The mean activity values
were plotted against radiation dose and fitted by
means of linear regression analysis to yield a cor-
relation coefficient r : 0.921 (997o confidence; Fis.
2 ) .

Bd spore density in areas treated with
irradiated and unirradiated Bti products

Altogether, about 3,000 individual colonies were
examined with a phase-contrast microscope for ev-
idence of spores and crystals. From these, 238 werc
identified as B. thuringiensis isolates, of which 142
were checked for their serotype classification. One
hundred and three isolates were mosquitocidal and
were identifled as Bti. The spore counts per area
based on the results of the classification of the ba-
cilli by individual soil samples are documented in
Table 3.

In the French region B, which was treated with
unirradiated Bti material twice a year on average,

6,191,379,000
1,178,750

104,936
5,584

0
0
0
0

7,717,996,000
400,612
24,016
4,4r8

0
0
0
0
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Fig. 1. Number of viable Bacillus thuringiensis var. israelensis spores after irradiation with various doses of gamma
radiation.
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between 700,000 and 44 million Bri spores were
found per gram of soil. In the untreated areas, as
well as in region A, which was treated with the
irradiated Bri products, either no Brl spores (all un-
treated and 3 of the treated areas in A) or fewer
than l0O,0O0 Bli spores were found per gram of
soil (l treated area in Germany and 2 untreated ar-
eas in France).

DISCUSSION

Lacey and Smittle (1985) demonstrated a nega-
tive correlation between radiation dose and spore

Table 2. Effect of gamma irradiation on the mosquito
larvicidal activity against Aedes aegypti of a wettable

powder formulation of Bacillus t huringie ns is is rae len,srs.

Doses (kGy) LCrnr (range) "foxicity (Ea)

0

5.7

10.9

1 5 . 6

20.6

24.9

30.1

35.4

0.0370 100
(0.0338-0.040s)

o.o4l9 88
(0.03s9-0.0489)

0.0389 95
(0.035s-0.0426)

0.0487 76
(0.0447-0.0s30)

0.0461 80
(o.0415-O.0s 13)

o.o524 7I
(0.o449-O.0612)

0.0604 6r
(0.055 l --0.0662)

0.0736 50
(0.0668-0.08 r 2)

viability as well as between radiation dose and lar-
vicidal activity. One goal of the research reported
here was to determine the maximum dose for rou-
tine sterilization of Brl products that would main-
tain the effectiveness of the product. The results
suggest that this dose is about 2O kGy.

In Germany, the usual radiation dose for Bri
products is 25 kGy. Independent authorities check
the sterility of the product. All investigations car-
ried out to date have found no living spores in the
product. Radiation of Bri products used in routine
applications has not reduced their apparent effec-
tiveness. A lowering of effectiveness by up to 2OVo
would be allowable in any case. Routine treatment
usually involves high doses of the Bti product to
overcome the potential for development of resis-
tance, high larval densities, or pollution of the
breeding waters (Becker et al. 1992). A relatively

0,07

-* LC50 values
- Linear (LC50 values)

0 5.7 10.9 '15.6 20.6 24.9 30.1 35.4

dose of Radiation (kGy)

Fig.2. Influence of various doses of gamma radiatron
on the median lethal concentrations.
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'f-C,,,, median lethal concentration expressed in mg/literl 95o/o
fiducial l imits in parentheses.
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Number of Bacillus thuringiensis var. israelensis (Brl) spores per gram of soil in areas treated with
radiated (region A) and unirradiated (region B) Brl formulations (Bactimos wettable powder).

Region Treatedr Bti irradiated2 Mean no. spores/g

Germany, A

Ketsch
Lingenfeld
Philippsburg
Gernsheim

Ketsch
Lingenfeld
Philippsburg

France, B

Mothern
Seltz 1
Seltz 2
Niederlaueterbach

Fort Louis
Salmbach I
Salmbach 2
Salmbach 3

+
+
+
+

+
+
+
+

+
+

+

0
0
0

26,600
0
0
0

708,250
3,250,000

44,333,333
l,997,000

0
0

40,000
46,600

20,800
2,s69,626

19,629,910
2,886,751

0
0

72,419
55.698

0
0
0

27,969
0
0
0

I +. treated: -. untreated.
2 +, treated with irradiated Bti; , treated with uninadiated Bti.

small reduction in effectiveness would be accept-
able and is necessary for acceptance of routine Bti
treatments by the regulatory authorities in Germa-
ny.

Regular treatment with unirradiated Bti products
has been shown to lead to a significant increase of
Bri spores in soils. This should not be regarded as
a significant risk, because many studies, including
this one, show that Bti is a naturally occurring bac-
teria in soil (Delucca et al. 1981; Ohba and Aizawa
1986; Seelena et al. 1995). In I study, B. thurin-
giensis was found in 785 of I,115 soil samples
(Martin and Tiavers 1989). This indicates that B.
thuringiensis is a habitual soil-dwelling organism.
Bacillus thuringiensis often is found in association
with Bacillus cereus, although B. cereus is found
more frequently (Meadows 1993). The only known
difference between B. thuringiensls and B. cereus
lies in the production of protein crystals that are
encoded by plasmids. In any case, the increase in
the density of spores that occurs when unirradiated
Brl product is applied results in a change in the soil
microfauna. Approximately lQ-+ spores per gram of
soil would be applied with every application. Be-
cause bacteria are killed by exposure to ultraviolet
radiation and by contact with other microorganisms
and invertebrates that live in the soil, a natural reg-
ulation of relative populations will occur. Engler et
al. (1980) found that l%o of the spores remained in
mud 2 months after an application of Bti in mos-
quito-breeding surface waters. Petras and Casida
(1985) found that the numbers of Bri spores de-
creased by a factor of 10 in the lst 2 weeks after
spraying and thereafter remained more or less con-
stant over a period of about 8 months. An increase

in numbers of spores after germination does not
seem to be typical. Spores usually increase only in
soils that are rich in nutrients (Krieg 1986). How-
ever, mosquitocidal bacteria also can germinate
within the cadavers of mosquitoes (Aly et al. 1985,
Becker et al.  1995, WHO 1999).

Dust containing viable bacteria spores can be
produced and inhaled during the application of Brl
powder products. However, this associated risk is
negligible. Over the last 20 years, many hundreds
of tons of unirradiated Brl products have been used
worldwide every year, without any instances of ill-
ness associated with their application. Irradiation of
the product may increase its safety.

Gene technology has potential for improvement
of Bri products. Sterilization of gene-manipulated
products may be essential for acceptance by the
general public of such products applied in the en-
vironment.

An important advantage of irradiated Bti prod-
ucts is that application to potable water containers
will not add viable spores to water used for house-
hold purposes or irrigation of garden areas. Al-
though, according to present knowledge, viable B.
thuringiensis spores are safe for humans, steriliza-
tion allows an extra level of safety and increased
acceptance of microbial insecticides by the public.
Irradiation of B. thuringiensis products fulfills the
requirements for drinking water and thus allows Bri
products to be used widely in water catchment ar-
eas.
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